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ABSTRACT OF DISSERATION

Uterine inflammation after breeding is considered necessary for the clearance of
excess semen and debris from the uterus. A subpopulation of mares fails to clear the
inflammation in a timely fashion, and develops a persistent breeding induced
endometritis (PBIE). Experiments were preformed to evaluate correlations of PBIE to
endometrial quality and age. Mares of advanced age and poor endometrial quality had a
higher incidence of PBIE. In addition, mares fluctuated in susceptibility to PBIE from
one season to the next. The uterine inflammatory gene expression in susceptible and
resistant mares within the first 24 hours after breeding was investigated. The peak
endometrial cytokine gene expression occurred 6 hours after insemination, and
susceptible mares were found to have a reduced response of the inflammatory modulating
cytokines during this time. Intrauterine accumulation of the inflammatory byproduct
nitric oxide (NO) was investigated in resistant and susceptible mares within the first 24
hours after breeding. Susceptible mares had an increase in NO accumulation over time,
whereas NO accumulation in resistant mares remained relatively constant. The effects of
immunomodulators on uterine inflammatory response and nitric oxide accumulation in
susceptible mares was investigated. Immunomodulators decreased expression of the proinflammatory cytokine interleukin-1β and nitric oxide accumulation. In conclusion,
endometrial quality and age are indicators of susceptibility to PBIE, and susceptibly can
change from year to year. Six hours after breeding is a critical time for the development
of PBIE, and susceptible and resistant mares have differential endometrial inflammatory
gene expression, with susceptible mares appearing to have a defect in the inflammatory
modulating immune response. Finally, treatment with immune modulators alters the IL1β
gene expression and intrauterine nitric oxide accumulation, which may help to explain
how they act to reduce inflammation during PBIE.
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“There is something about the outside of a horse that is good for the inside of a man.”
– W. Churchill
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that you have served me.

ACKNOWLEDGEMENTS
There are so many people who have contributed to my growth both professionally
and personally over the last five years, and to whom I owe a big thank you. This
dissertation belongs to all of you, for without you, I would not have succeeded in writing
it. I would like to thank all of the people at the Gluck Center. There is so much talent in
this building, and it is exciting just to be immersed in it. I would especially like to express
my gratitude towards the following people:
To the graduate students: most of us have left our lives to embark on this
endeavor of earning advanced degrees, leaving everyone we know and love behind us. As
new (naïve) students, we are often unprepared for the types of challenges that arise
during our graduate education, and can be left feeling alone and lost in the face of
difficulties. We have become a family away from family, helping one another through the
challenges (no matter how trivial or serious). Each of you has impacted me in some way
to help me grow. For this, I thank you. There are too many of you to name, but do know
that I am sincere when I say that I am grateful to have met all of you and to have
developed some lasting friendships along the way. I would like to thank Dr. Juliana
Campos for being such a wonderful roommate and friend, and for her encouragement to
stand up for and to believe in myself.
I would like to thank all of the staff at the Gluck Center for helping me with the
organizational and planning parts of my program. I would like to acknowledge Mr. Roy
Leach as an invaluable asset to the Gluck Center. Roy, one of the reasons you are so
successful is due to your mastering the ability to get your point across using the utmost
respect and composure, while simultaneously subtly commanding respect from those

iii

around you. I really need to learn that skill from you. To the staff at the Maine Chance
Farm: thank you for your tireless efforts to take care of the horses and to help me with the
mares. I have enjoyed the many hours with you, and I know how much work it is to
manage so many horses and people.
To the David Horohov lab: thank you for taking me into your group as one of
your own to learn some of the most important and earliest lessons that helped me to
develop my ability to think like a scientist. A thank you to the Jamie MacLeod lab for
socially adopting me! With you, I have developed strong friendships that I hope to
maintain throughout my life. I have always felt accepted into your lab even though I
don’t know much about muscles or bones. I would like to extend my gratitude to the
Reproduction Group: I am so excited that we have grown into such a sizable and
cohesive unit. Each of you is an asset to the program and offers something to the table,
and as I look around the room during our lab meetings, I can see the next generation of
leaders in equine reproduction. A big thanks to Dr. Kirsten Scoggin for her patience and
for keeping all of us organized, especially as we transition into a larger group. I would
also like to thank Dr. Mette Christoffersen for her contributions to my projects and
educational experience. I have accomplished so much more because of our
collaborations.
I would like to thank my advisor, Dr. Mats Troedsson: I cannot express how
happy I am to be a part of your lab. Thank you for believing in me when so many times I
did not believe in myself. Your sincere concern for me not only as a successful
professional but also a successful person is always evident, and with your support, I never
felt that there was an obstacle to big to climb. Thanks for granting me the freedom not

iv

only to make mistakes, but also more importantly for the freedom to learn from them. I
never felt the uncomfortable (and sometimes counterproductive) pressure to be perfect,
and it allowed me space to grow more than I expected.
To Dr. David Horohov: thanks for your guidance and support from the start, and
for spending so many hours problem solving with me. Your dedication to science and
your students is something to be admired, and I hope that I can pass that on to my own
students someday. I thank you for the numerous bouts of gut-busting laughter that we
have shared. Lastly, thanks for being a native Philadelphian. There is a part of you that is
oh-so-Philly and it reminds me of home when I miss it. To Dr. Edward Squires: thank
you for serving on my committee and offering a valuable perspective for my project.
Thanks for treating me as respected member of the group and for challenging me to think
outside of the box. Dr. Nancy Cox, thank you for being the strong female force on my
committee. I wanted you on my committee because of my admiration towards you and
your professional success. Your poise, sense of humor, and energy is contagious.
I am grateful to my cat. Oscar: I still remember the day I brought your tiny flea
infested body home from MacDonald’s 13 years ago. I know neither of us planned for
you to leave your perfect life of freedom outside and hunting for a cramped apartment in
Lexington, but I am so happy that it turned out this way. It is always the best ending to a
day to come home to your greeting me at the door. Thank you for your companionship
when I felt alone, and for your never-ending efforts to get me to relax and remember to
enjoy life.
I would like to thank my research mares. Obviously without them, none of this
would have been possible. Thank you girls, for your tolerance of my clumsy hands and

v

for not telling anyone about my steep learning curve! Your jobs are vital and as our
teachers, you contribute to the progression of equine veterinary medicine. Most
importantly, my parents and I would like to thank you for keeping me safe. I don’t know
who the first person was to think that transrectal examination of the reproductive tract
was a good idea, but whoever it was, was not only clever, but also crazy. It is a
compromising and potentially dangerous situation, and I will forever be indebted to you
for keeping me in one piece during my time here.
Last but not least, I would like to extend a thank you to my amazing family: I love
you. I am so fortunate to have such an incredible group of kind, gracious, genuine,
intelligent and importantly, humble group of people in my life. I am a better person in
your presence. To my parents: thank you for your never-ending support through this
journey, and for understanding and accepting my undertakings, no matter how
nonsensical they may seem to be. Gargar: thanks to you I am as tough as nails, and there
is no way I would have gotten through this without that part of my character.

vi

TABLE OF CONTENTS
Acknowledgements ........................................................................................................... vii
List of Tables ..................................................................................................................... xi
List of Figures ................................................................................................................... xii
Chapter 1: Review of the Literature.....................................................................................1
1.1 The Reproductive Anatomy of the Mare ..............................................................1
1.2 Uterine Defense Mechanisms ...............................................................................4
1.2.1

The susceptible and resistant mare ........................................................4

1.2.2

The humoral and cellular immune responses.........................................6

1.2.3

The role of seminal plasma ....................................................................8

1.2.4

Cytokines and the innate immune response ...........................................9

1.2.5

Physical defenses .................................................................................12

1.2.6

Nitric oxide ..........................................................................................13

1.2.7

Summary of the development of endometritis .....................................14

1.3 Clinical Signs and Diagnosis of Endometritis ....................................................15
1.4 Treatments ..........................................................................................................18
1.5 Conclusion ..........................................................................................................20
Chapter 2: Susceptibility to persistent breeding induced endometritis: relationship to
endometrial biopsy score and age, and variations between seasons ..................................22
2.1 Summary ............................................................................................................22
2.2 Introduction ........................................................................................................23
2.3 Materials and Methods ........................................................................................25
2.3.1

Animals ...............................................................................................25

vii

2.3.2

Preparation of sperm for insemination .................................................26

2.3.3

General experimental procedure .........................................................26

2.3.4

Experiment 1: uterine fluid retention after breeding...........................27

2.3.5

Experiment 2: susceptibility to PBIE over subsequent seasons...........27

2.4 Results .................................................................................................................28
2.4.1

Experiment 1 ........................................................................................28

2.4.2

Experiment 2 ........................................................................................31

2.5 Discussion ...........................................................................................................32
2.6 Conclusion ..........................................................................................................37
2.7 Acknowledgements .............................................................................................37
Chapter 3: Endometrial inflammatory markers of the early innate immune response in
mares susceptible and resistant to persistent breeding induced endometritis (PBIE) ........39
3.1 Summary ............................................................................................................39
3.2 Introduction ........................................................................................................40
3.3 Materials and Methods ........................................................................................42
3.3.1

Animals ...............................................................................................42

3.3.2

Preparation of sperm for insemination .................................................42

3.3.3

General experimental procedure for the selection of mares ................43

3.3.4

Treatments............................................................................................44

3.3.5

qPCR analysis ......................................................................................45

3.4 Results .................................................................................................................46
3.5 Discussion ..........................................................................................................52
3.6 Conclusion ..........................................................................................................55

viii

3.7 Acknowledgments...............................................................................................56
Chapter 4: The effect of immune modulation on endometrial cytokine expression in
mares susceptible to persistent breeding induced endometritis .........................................57
4.1 Summary ............................................................................................................57
4.2 Introduction ........................................................................................................58
4.3 Materials and Methods .......................................................................................61
4.3.1

Animals ...............................................................................................61

4.3.2

Preparation of sperm for insemination .................................................61

4.3.3

General experimental procedure ..........................................................62

4.3.4

Treatments...........................................................................................63

4.3.5

Sample collection: endometrial tissue .................................................63

4.3.6

qPCR analysis ......................................................................................64

4.4 Results ................................................................................................................65
4.5 Discussion ...........................................................................................................68
4.6 Conclusion ..........................................................................................................71
4.7 Acknowledgements .............................................................................................71
Chapter 5: An investigation of uterine nitric oxide production in mares susceptible and
resistant to persistent breeding induced endometritis, and effects of
immunomodulation ............................................................................................................72
5.1 Summary .............................................................................................................72
5.2 Introduction .........................................................................................................74
5.3 Materials and Methods ........................................................................................76
5.3.1

Animals ................................................................................................76

ix

5.3.2

Preparation of sperm for insemination .................................................76

5.3.3

General experimental procedure for the selection of mares ................76

5.3.4

Experiment 1 .......................................................................................78

5.3.5

Experiment 2 .......................................................................................78

5.3.6

Sample collections for Experiments 1 and 2: uterine secretions .........79

5.3.7

Sample collection for Experiments 1 and 2: endometrial tissue ..........80

5.3.8

Determination of intrauterine nitric oxide ...........................................80

5.3.9

Immunohistochemistry ........................................................................81

5.3.10 qPCR analysis ......................................................................................82
5.4 Results .................................................................................................................84
5.4.1

Experiment 1 ........................................................................................84

5.4.2

Experiment 2 ........................................................................................84

5.5 Discussion ...........................................................................................................88
5.6 Acknowledgements .............................................................................................91
Chapter 6: General Discussion...........................................................................................92
References ........................................................................................................................100
Vita...................................................................................................................................109

x

LIST OF TABLES
Table 1: Quantitative methods for the interpretation of equine endometrial cytology
samples (from Card 2005) .................................................................................................18
Table 2.1: Screening for persistent breeding induced endometritis (PBIE) in mares
over subsequent seasons ...................................................................................................32

Table 3.1: Primer probe set sequences for the detection of equine mRNA .......................49

Table 4.1: Primer probe set sequences for the detection of equine mRNA .......................65

xi

LIST OF FIGURES
Figure 1.1: The reproductive tract of the mare from the sagittal view (A) and
dorsal view (B) .....................................................................................................................2
Figure 1.2: Endometrial biopsy from a grade I mare (×400 magnification). .......................4
Figure 1.3: Endometrial biopsies from a grade III mare with a fibrotic nest (A),
and severe degenerative changes (B) (×400 magnification). ...............................................4
Figure 1.4: Neutrophil migration through the equine endometrial epithelium ..................11
Figure 1.5: Proposed sequences of events occurring after breeding in susceptible
and resistant mare based on current literature....................................................................17
Fig. 2.1: Biopsy score and intrauterine fluid in mares 48 and 96 hours after
insemination .......................................................................................................................30
Fig. 2.2: Age group and intrauterine fluid in mares 48 and 96 hours after
insemination .......................................................................................................................31
Figures 3.1-3.7: Mean endometrial cytokine mRNA expression before (0) and 2, 6,
12, 24 hours after insemination with killed spermatozoa in susceptible (S; dark bars)
and resistant (R; light bars) mares .....................................................................................50
Figures 4.1-4.7: Endometrial mRNA expression of inflammatory genes in susceptible
mares 6 hours after breeding with dexamethasone or MCWE. .........................................66
Figure 5.1: iNOS mRNA expression in resistant and susceptible mares after breeding ...85
Figure 5.2: Percentage of positively stained endometrial cells for iNOS
protein in resistant and susceptible mares at different time points after breeding .............86
Figure 5.3: Percentage change in intrauterine NO production over time in resistant
and susceptible mares after breeding .................................................................................86
Figure 5.4: The effect of immunomodulators on iNOS mRNA expression in
susceptible mares 6 hours post breeding ............................................................................87
Figure 5.5: Total intrauterine NO in untreated susceptible and resistant mares 6
hours after breeding ...........................................................................................................87
Figure 5.6: The effect of immunomodulators on total intrauterine NO in susceptible
mares 6 hours post breeding ..............................................................................................88
Figure 6.1: Proposed sequences of events occurring after breeding in susceptible
and resistant mare including inflammatory gene expression and NO accumulation .........97

xii

CHAPTER 1
Review of the Literature

1.1 The Reproductive Anatomy of the Mare
The equine uterus has a bicornate structure with two uterine horns
connected to a shared uterine body. It is suspended in the body by the broad ligament and
receives blood from the uterine and ovarian arteries, and in contrast to the upright
position of the primate reproductive tract, the equine tract lays horizontally in the body.
There are three major physical barriers protecting the uterus from the external
environment. The outermost barrier is the vulva, and in a normal mare, the vulvar lips
close completely. The transverse fold lies between the vestibule and the vagina proper,
and functions as a second barrier, keeping urine from entering the upper reproductive
tract. The innermost barrier protecting the uterus is the cervix, separating the vagina and
the uterus (McKinnon & Voss 1993) (Figure 1.1). Reproductive hormones mediate the
functionality of the cervix. During diestrus and pregnancy, progesterone causes the cervix
to close tightly and produce mucous to prevent anything from entering the uterus. During
estrus, estrogen and the lack of progesterone cause the cervix to soften and open, to allow
for copulation and the entry of sperm into the uterus (McKinnon & Voss 1993).
Prostaglandin E2 is involved in cervical ripening prior to parturition, and can be
administered exogenously to soften the cervix in the cycling mare (Rigby et al. 1998).
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Figure 1.1: The reproductive tract of the mare from the sagittal view (A) and dorsal view
(B).
A

B

http://www.ansci.wisc.edu/jjp1/ansci_repro/lec/lec1/female_hist.html

Like many tubular organs, the uterus is comprised of several layers. The
outermost layer, (the perimetrium), aids in the suspension of the uterus within the body.
The myometrium lies interior to the perimetrium and consists of two layers; an inner,
circular layer and an outer, longitudinal layer. Together, these layers contract to move the
contents within the uterus, whether it be spermatozoa towards the oviduct after breeding,
the embryo during the migratory stages of early pregnancy, or the fetus during parturition
(Ginther 1992).
The endometrium is the innermost layer of the uterus, consisting of the lamina
propria lined by a single cell epithelial layer. The most superficial layer of the lamina
propria is the stratum compactum, which contains densely packed stromal cells, while
interconnecting cells in the second layer, the stratum spongiosum, are much more loosely
arranged (Ginther 1992). Uterine glands and lymphatics are disbursed throughout the
lamina propria. During pregnancy, the exchange of nutrients with the placenta occurs in
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the endometrium. The endometrium is also involved with the uterine response to
breeding, as cell signaling occurs in endometrial cells during inflammation.
Endometrial quality has become an accepted marker of uterine health (Ludwig et al.
2001, Schlafer 2007), and poor endometrial quality has been associated with age
(Carnevale & Ginther 1992) and decreased fertility (Waelchli 1990). Healthy endometrial
tissue has active, evenly distributed uterine glands, with little to no inflammatory cells. In
contrast, dilated glands surrounded by layers of fibrotic cells are inactive, and are
considered to impair uterine function in the degenerative uterus. Enlarged lymphatics and
inflammatory cells are also commonly observed in the endometrium of mares with
degenerative changes. A scale was developed to evaluate endometrial health based on the
quality of glands and lymphatics, fibrotic changes, and infiltration of inflammatory cells
(Kenney & Doig 1986). An endometrial grade of I is considered to be normal and
healthy, with active uterine glands of normal size and even distribution throughout the
stroma (Figure 1.2). Fibrosis and inflammatory cells are rare. A grade IIA endometrium
may have a slight to moderate infiltration of inflammatory cells, or moderate fibrosis of
the glands. Enlarged glands and lymphatic lacunae can also be observed. Although the
presence of one or some of these criteria qualify an endometrium as IIA, the presence of
all of the criteria changes the score to IIB, with the severity of some (but not all) of these
factors as moderate to severe. If the mare has enlarged, unevenly distributed glands, and
severe glandular fibrosis, lymphatic lacunae and infiltration of inflammatory cells, then
her endometrium is scored as a grade III (Figure 1.3) (McKinnon and Voss 1993).
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Figure 1.2: Endometrial biopsy from a grade I mare (×400 magnification).

E. Woodward

Figure 1.3: Endometrial biopsies from a grade III mare with a fibrotic nest (A), and
severe degenerative changes (B) (×400 magnification).
A

B

E. Woodward

E. Woodward

1.2 Uterine Defense Mechanisms
1.2.1 The susceptible and resistant mare
Breeding induced endometritis is a normal physiological reaction, as it is believed
that an inflammatory response is necessary for the effective removal of bacteria and
excess spermatozoa introduced into the uterus (Troedsson 2006). In a healthy uterus, the
inflammation subsides within 48 hours; however a subset of mares fails to clear the
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inflammation in a timely fashion. Hughes and Loy observed a disparity in the ability to
resolve uterine inflammation between young, fertile mares, and older, sub-fertile mares
after an intrauterine challenge with Streptococcus zooepidemicus (Hughes & Loy 1969).
The authors suggested that the mares less successful in clearing their inflammation had
an alteration in their normal uterine defense mechanism. Persistent endometritis impairs
fertility and threatens the viability of the conceptus, which migrates to the uterus by day 5
after breeding (Oguri & Tsutsumi 1972, Betteridge et al. 1982, Troedsson et al. 1995a,
Troedsson 1999). Literature suggests that an estimated 10 to 15% of broodmares retain
fluid 24-36 hours after breeding (Zent et al. 1998), and persistent endometritis has been
cited as a leading reproductive health concern in equine veterinary practice (TraubDargatz et al. 1991).
Predisposition to persistent endometritis has been investigated and attributed (in
part) to multiple factors. Advanced age has been associated with an altered systemic
immune response in horses and other animal species, and it has been observed that age is
correlated to susceptibility to persistent endometritis (Ricketts & Alonso 1991, Carnevale
& Ginther 1992, Zent et al. 1998, Barbacini et al. 2003). Internal and external
conformation of the reproductive organs has been associated with susceptibility to
persistent endometritis. Mares with poor perineal conformation had lower conception
rates than normal mares (Hemberg et al. 2005). Furthermore, the position of the uterus
within the abdominal cavity was found to be relevant in the ability to clear inflammation
when researchers found that mares less successful in clearing radiocolliod had a
“pendulous” uterus dropping below the pelvic brim (LeBlanc et al. 1994, LeBlanc et al.
1998). In addition, it has been suggested that endometrial pathologies are correlated to
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susceptibility to persistent infectious endometritis (Troedsson et al. 1993a). Finally, the
condition of the uterus before challenge has been associated with susceptibility to
persistent endometritis in several studies. Mares with excess fluid retention during
diestrus were more likely to have problems with uterine fluid retention after breeding
(Brinsko et al. 2003), and mares with a positive uterine culture prior to breeding had
lower pregnancy rates than mares with negative uterine cultures (Riddle et al. 2007).
Since the diagnosis of persistent endometritis is made after the fact, methods to
predict susceptibility to persistent endometritis are often limited to the mares' clinical
histories. Identifying mares susceptible to persistent endometritis prior to breeding to
proactively treat before the onset of persistent endometritis is important to increase the
chance of a successful pregnancy. Mares have been classified as susceptible to persistent
endometritis based on reproductive history, fluid retention after insemination (Brinsko et
al. 2003), failure to clear a bacterial or spermatozoa challenge (Troedsson et al. 1993a,
Troedsson et al. 1993b, Alghamdi et al. 2005b, Woodward et al. 2011a), and endometrial
pathology (Woodward et al. 2011b).

1.2.2 The humoral and cellular immune responses
Immunoglobulins in the uterus were suggested to be involved with the
development of persistent endometritis. Higher amounts of IgA, IgG, and IgG(T) were
found in the uterine fluid of mares with impaired resistance to persistent endometritis
when compared to normal mares (Asbury et al. 1980). A larger study found similar
results with IgA levels, but did not detect a difference with levels of IgG or IgG(T)
(Mitchell et al. 1982). Another study found that mares with positive uterine cultures had
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increased levels of IgA, (but not IgG or IgG(T)) in their uterine secretions compared to
mares with negative cultures (Williamson et al. 1983). After a bacterial challenge,
Troedsson et al. observed a decline in uterine levels of IgG and complement C3 for the
first 24 hours post challenge (indicating a uterine response and opsionization of sperm
and pathogens) in mares susceptible or resistant to persistent endometritis. However, the
researchers did not detect a difference between the two groups of mares, and therefore
concluded that although the adaptive immune system does play a role in endometritis, it
is unlikely that susceptibility is primarily caused by a defect in this mechanism
(Troedsson et al. 1993d).
Polymorphonuclear neutrophils (PMNs) are white blood cells that respond to
inflammation and function to remove pathogens through two mechanisms. Their primary
mechanism of action is to bind and engulf microbes through phagocytosis. A second
mechanism is through the release of neutrophil extracellular traps (NETs), composed of
extensions of DNA and histones with antimicrobial peptides. The NETs are extended
towards a target and capture the target (Brinkmann et al. 2004, Amulic & Hayes 2011).
Initial studies hypothesized that mares susceptible to persistent endometritis had
defective uterine PMNs. Uterine PMNs from susceptible mares were found to have
decreased phagocytic ability (Cheung et al. 1985, Watson et al. 1987) and overall
functionality (Liu et al. 1985) when compared to PMNs from resistant mares.
The complement system and opsonization of cells has been examined to study
how the uterus recognizes and removes sperm and bacteria. Complement plays an
important role in effective phagocytosis by PMNs by marking pathogens for
phagocytosis (Asbury et al. 1984, Hakansson et al. 1993). Uterine secretions from sub-
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fertile mares were worse at promoting bactericidal activity than secretions from resistant
mares (Watson et al. 1987). Other researchers confirmed this finding when they observed
that the PMNs of susceptible mares were able to become fully functional in the right
environment (contrary to previous reports that PMNs from susceptible mares have
decreased functionality). The authors concluded that susceptible mares have an impaired
intrauterine opsonizing ability (Troedsson et al. 1993c)

1.2.3 The role of seminal plasma
Seminal plasma modifies the uterine inflammatory response to spermatozoa.
Activation of the complement cascade was inhibited by seminal plasma (Troedsson et al.
2000). Complement is an important opsonin, and opsonization of spermatozoa was
reduced in the presence of seminal plasma in vitro (Alghamdi et al. 2004, Troedsson et
al. 2005). In addition, the binding of PMNs to opsonized spermatozoa, and subsequent
phagocytosis was reduced in the presence of seminal plasma, further illustrating the
protective properties that seminal plasma has on spermatozoa (Troedsson et al. 2005).
Pregnancy rates in mares with induced endometritis prior to breeding were higher (77%)
in mares bred with spermatozoa and seminal plasma compared to mares bred with
spermatozoa and semen extender (5%) (Alghamdi et al. 2004). It has been suggested that
the uterine defense mechanism selectively targets dead spermatozoa, which may be due
to specific proteins in the seminal plasma (Alghamdi & Foster 2005a, Doty et al. 2011).
Seminal proteins were fractioned, and one protein was found to suppress PMN binding to
viable sperm, while another was found to promote binding to snap frozen (killed) sperm
(Troedsson et al. 2005). Researchers identified the PMN suppressing protein in equine
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semen as cysteine-rich secretory protein-3 (Doty et al. 2011), which was previously
linked to fertility (Hamann et al. 2007, Novak et al. 2010).

1.2.4 Cytokines and the innate immune response
Inflammatory cytokines are cell signaling molecules associated with the
recognition and resolution of the inflammatory response. They are produced by many
cells types acting locally in an autocrine or paracrine fashion, and systemically in an
endocrine function (Feghali & Wright 1997). Pro-inflammatory cytokines initiate
inflammation, and once produced, a cascade of inflammatory events occurs (Kuby 1992,
Parham 2005). A timely response to pathogens is important for an effective resolution of
inflammation and preservation of tissue (Schroder et al. 2004). There is a delicate
balance between the pro and anti-inflammatory response, as anti-inflammatory cytokines
modulate the pro-inflammatory cytokines (Parham 2005, Hackett et al. 2008).
Two of the primary cytokines involved with mediating acute inflammation after
injection with lipopolysaccharide are interleukin (IL)1 and tumor necrosis factor (TNF)
(Feghali & Wright 1997). IL1 is released by several types of cells, including
inflammatory and epithelial cells, and targets cells to induce the release of other
cytokines and histamine, the transcription of inducible nitric oxide synthase (iNOS), and
the production of prostaglandin E2 (PGE2) (Kuby 1992). It is regulated by the IL1
receptor antagonist (IL1RA) which acts through competitive binding to the IL1 receptor
(Feghali & Wright 1997). Furthermore, the IL1 system is involved with both pathologic
states as well as normal reproductive function (Takehara et al. 1994, Van der Hoek et al.
1998, Martoriati et al. 2003, Gerard et al. 2004). In addition to IL1RA, the inflammatory
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modulating cytokine, IL10, is essential for the proper function of the immune response,
and deficiencies in IL10 can lead to tissue damage (Cyktor & Turner 2011).
TNF (α and β) induces apoptosis in infected and tumor cells, and can act to induce
the synthesis of PGE2 directly or indirectly through the induction of IL1. In addition to
inducing the production of acute phase proteins by the liver, both IL1 and TNFα
stimulate IL6 production, which acts to modulate TNFα and IL1 during the early phase of
inflammation. IL6 has both pro- and anti-inflammatory properties (Feghali & Wright
1997). It has protective roles in early acute inflammation and shock through the
modulation of other pro-inflammatory cytokines (Barton & Jackson 1993, Xing et al.
1998, Diao & Kohanawa 2005), and the induction of inflammatory modulating cytokines,
such as IL1RA (Tilg et al. 1994). However, in addition to the resolution of acute
inflammation, IL6 and its receptor have been suggested to have implications in the
transition from innate to acquired immunity and the persistence of chronic inflammation
(Kishimoto et al. 1995, Atreya et al. 2000, Jones 2005). Another inflammatory cytokine,
IL8, is released by macrophages and endothelial cells and acts as a chemoattractant for
PMNs (Liu et al. 1997). In addition to its chemoattractive properties, IL8 upregulates the
expression of cell surface adhesion molecules to aid in the adherence to endothelial cells
and diapedesis of the PMNs through blood vessel walls (Figure 1.4) (Atreya et al. 2000).
Interferon gamma (IFNγ) is a type II interferon produced by activated T cells and natural
killer cells. It is distinct from the type I interferons (which are primarily antiviral) in that
it stimulates effector functions of mononuclear phagocytes, and activates macrophages to
remove pathogens (such as mycobacteria) (Feghali & Wright 1997).
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Figure 1.4: Neutrophil migration through the equine endometrial epithelium.

E. Woodward

Cytokine mRNA expression during the uterine inflammation has been studied in
the cow (Gabler et al. 2009, Gabler et al. 2010), however, few studies have focused on
the mare. In one experiment, an increase in mRNA levels IL1, IL6, and TNFα was
detected in all mares 24 hours after artificial insemination, but susceptible mares had
higher basal levels of the cytokines than resistant mares (Fumuso et al. 2003b). The same
researchers subsequently found increased mRNA expression of IL8 and lower expression
of IL10 in susceptible mares compared to resistant mares 24 hours after insemination
(Fumuso et al. 2006, Fumuso et al. 2007). However, other authors were unable to find a
significant IL8 response to insemination in reproductively normal pony mares 24 hours
after insemination (Nash et al. 2008, Nash et al. 2010).
Endometritis induced by bacterial challenge has been used as a model to
investigate endometrial cytokine expression. Endometrial mRNA expression of TNFα,
IL1β, IL8, and IL10 were all found to be upregulated in response to a diestrus intrauterine
inoculation of a high dose of Escherichia coli as early as 3 hours after challenge in
normal mares (Christoffersen et al. 2010). Although bacterial and breeding induced
endometritis are studied separately for experimental purposes, separating the two in
practical settings is almost impossible. Natural breeding introduces bacteria into the
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uterus, and even the best efforts for a sterile environment during artificial insemination
offer the risk of bacterial contamination into the uterus. Reproductively sound mares
should be able to rapidly resolve inflammation caused from either stimulus, however,
there is a difference in the recognition of gram negative bacteria and gram positive
bacteria (Aderem and Ulevitch 2000), and it is possible that different inflammatory
pathways are activated for spermatozoa and for bacteria. Finally, the resolution of
inflammation on a cytokine level may differ due to the nature of bacterial versus
spermatozoa challenges, as bacteria continue to reproduce in the reproductive tract
throughout the clearance process, while spermatozoa may stimulate the immune response
only once at the time of insemination.

1.2.5 Physical defenses
In addition to cytokine signaling and PMN recruitment, the uterus acts
mechanically to expel excess semen and debris associated with breeding. As activated
PMNs pass through the endometrium, prostaglandin F2 (PGF2) is released from the
epithelial cells and PMNs, causing myometrial contractions (Troedsson 1999). In
addition, oxytocin release and subsequent myometrial activity has been associated with
stallion calls and other breeding stimuli (Madill et al. 2000), aiding in uterine clearance.
Troedsson and Liu (1991) observed that mares susceptible to persistent uterine infection
had a delay in clearing
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Cr microspheres from the uterus when compared to normal,

resistant mares. The study demonstrated a failure in the physical ability of the uterus to
expel uterine contents (Troedsson & Liu 1991). Efficient uterine expulsion of fluid and
debris involves synchronized contractions of longitudinal and circular myometrial tissues
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(Hirsbrunner et al. 2006, Hirsbrunner et al. 2010). Using electrodes, Troedsson et al.
observed that mares susceptible to persistent endometritis had a decrease in electrical
patterns in duration, frequency, synchronization, and intensity when compared to
resistant mares (Troedsson et al. 1993b). Failure of uterine clearance was further
investigated using scintigraphy when other researchers observed that resistant mares
began to clear radiocolliod as early as 30 minutes after challenge (while the susceptible
mares were slower to respond), and by 2 hours, the susceptible mares retained more
radiocolloid than the resistant mares (LeBlanc et al. 1994). Based on these studies, it was
concluded that myometrial contractility defects may be a major contributor in the
pathogenesis of persistent endometritis.

1.2.6 Nitric oxide
Nitric oxide (NO) is a potent cell signaling molecule occurring in many body
systems in physiological and pathological states (Hou et al. 1999), and has both
protective and deleterious effects in the body (Tripathi 2007, Angulo et al. 2010,
Eleftheriadis et al. 2010, Gupta et al. 2010, Zanetti et al. 2010). NO is synthesized by
nitric oxide synthase (NOS) in many cell types, including macrophages, neutrophils,
hepatocytes, epithelial and endothelial cells (Li et al. 2010). Three types of NOS have
been identified. Endothelial NOS (eNOS or NOS3), is present in endothelial tissue, and is
involved with regulation of vasodilatation (Rosselli et al. 1998, Tripathi 2007). Neuronal
NOS (nNOS or NOS1) is present in nervous tissue and produces NO to serve as a
neurotransmitter. Similar to eNOS, nNOS produces NO constitutively in low amounts,
and is active during normal biological events (Rosselli et al. 1998, Gensert & Ratan
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2006). Unlike eNOS and nNOS, iNOS produces NO in large amounts (Rosselli et al.
1998, Saxena et al. 2000, Tripathi 2007, Li et al. 2010). During inflammation,
inflammatory cytokines such as IL1β and IFNγ initiate a cascade of events leading to the
transcription of iNOS (Green et al. 1994, Rosselli et al. 1998, Tripathi 2007). The
increased NO produced by iNOS serves as an aid in the removal of pathogens but can
also be cytotoxic (MacMicking et al. 1997, Tripathi 2007). NO is also a known smooth
muscle relaxer, and myometrial tissue in vitro was unable to respond to electrical
stimulus in the presence of NO (Liu et al. 1997). In addition, mares susceptible to PBIE
had increased iNOS activity and NO production when compared to resistant mares 13
hours after insemination (Alghamdi et al. 2005b). The authors suggested that contractility
deficiencies in susceptible mares between 6 and 19 hours after insemination (Troedsson
et al. 1993b) may be associated with increased NO production (Alghamdi et al. 2005b).

1.2.7 Summary of the development of endometritis
A local uterine immune response has been documented in response to
spermatozoa, semen, and bacteria (Troedsson et al. 2001). For experimental purposes,
endometritis has been examined using both spermatozoa and bacterial models. However,
it is not possible to separate inflammation resulting from bacteria and spermatozoa in
breeding situations, as bacteria are likely to be unintentionally incorporated into the
uterus during breeding. However, in both cases, healthy mares should be able to resolve
the endometritis. This inflammation is believed to be initiated by the activation of
complement, which in turn leads to the activation of inflammatory cytokines (Kuby 1992,
Troedsson et al. 2001, Parham 2005). The release of inflammatory cytokines triggers the
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recruitment of PMNs through the endometrium and into the uterine lumen (Kotilainen et
al. 1994, Troedsson 1999). Activated PMNs bind to spermatozoa targeted by opsonins
(such as complement factor C3b), or capture spermatozoa and pathogens with NETs
(Dahms & Troedsson 2002, Alghamdi et al. 2004). The activation of PMNs triggers the
production and release of PGF2, leading to myometrial contractions which aid in the
expulsion of excess semen and debris associated with breeding (Troedsson 1999).
Finally, other hormones with ecobolic effects (such as oxytocin) may be released as a
result of the teasing and breeding process, contributing to uterine clearance (Figure 1)
(Madill et al. 2000). Given previous research, a proposed diagram of the development of
breeding induced endometritis can be drawn, however questions remain as to specifics in
cytokine mRNA expression and NO production (Figure 1.5)

1.3 Clinical Signs and Diagnosis of Endometritis
Endometritis can be associated with bacterial infections, or can occur in response
to semen, but a common denominator is the inflamed state of the endometrium
determined by the presence of neutrophils and fluid accumulation (Troedsson 2006).
Clinical signs are rare, however, vaginal discharge, a shortened luteal phase, and
decreased fertility can be observed. Uterine cytological exam is accomplished using
several techniques such as uterine swab (double guarded or single guarded), brush,
biopsy or low volume lavage (Ball et al. 1988, Card 2005, Kasimanickam et al. 2005,
Nielsen 2005, Cocchia et al. 2012). When compared to an endometrial swab, cytological
exam from an endometrial biopsy was found to be the most sensitive method to
determine the presence of endometritis (Nielsen 2005). Choosing a method is the option
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of the clinician, as all techniques are accepted, however, obtaining the samples
(regardless of technique) requires adequate training and knowledge to collect and process
the samples, as any of the methods can yield a false negative if not conducted properly.
There are several accepted methods to evaluate uterine cytological samples (Table 1.1),
and these methods are used in combination with using other diagnostic tools to diagnose
inflammation (Card 2005).
Uterine fluid retention is assessed by ultrasonography (McKinnon et al. 1988).
Like uterine cytological exam, there are several methods for evaluating uterine fluid
retention. Transrectal ultrasonography has greatly advanced the treatment and diagnosis
of fluid retention and endometritis. Retained uterine fluid has been graded based on
echogenicity and volume. Although some fluid is expected immediately after breeding,
more than 2 cm of fluid between 6 and 36 hours after breeding, or fluid that is high in
echogenicity (indicative of purulent components and infection) is considered problematic
and warrants treatment (Troedsson 1997). However, caution should be exercised when
attempting to quantify uterine fluid accumulation, as manipulation of the reproductive
tract will disperse fluid and alter results. Both uterine cytological exam and evaluation for
uterine fluid are good methods for assessing inflammation, however combining both
parameters is a practical way to more accurately assess the state of the endometrium
(Card 2005).
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Figure 1.5: Proposed sequences of events occurring after breeding in susceptible and
resistant mare based on current literature. Yellow text refers to resistant mares, orange
text to susceptible mares, white text to both resistant and susceptible mares, and blue text
is unknown.

Up to 2 Hours
Complement activation and opsoninzation Impaired opsoninzation
Inflammatory cells recruited; PGF2α released

Breeding

Myometrial activity Delayed myometrial activity
PMNs attack bacteria and dead spermatozoa
Inflammatory cytokine response?
NO production?
12 Hours

6 Hours

Myoelectrical activity drops below baseline
Inflammatory cytokine response?

Inflammatory cytokine response?

NO production?

NO production?

24 Hours
Much of the fluid and inflammation is under control
Much of the fluid and inflammation remains in the
uterus

Uterus free of inflammation by day 5

Inflammatory cytokine response?

Uterine inflammation persists

NO production?
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Table 1.1: Quantitative methods for the interpretation of equine endometrial cytology
samples (from Card 2005).

1.4 Treatments
There are a variety of treatment strategies available for resolving persistent
endometritis, including administration of mucolytics to break up mucus associated with
bacterial infection, ecbolics to clear fluid, antibiotics to kill bacteria, uterine lavage to
physically flush the uterine contents, and surgical correction of the reproductive tract to
assist in preventing the entrance of bacteria. These treatments are often used in
combination with variations in dose, frequency, duration of treatment, and administration
route, and are administered both proactively and reactively (Combs et al. 1996, Watson
2000, Bliss & Campbell 2002, Hurtgen 2006, Liu & Troedsson 2008, LeBlanc 2010).
The use of corticosteroids to proactively treat problem mares has also been
proposed as an effective treatment strategy. Pregnancy rates were improved in mares
treated with 5 doses of predinisolone acetate in mares with a history of fluid retention
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after breeding (Dell' Aqua et al. 2006). Furthermore, oral administration of 200 mg of
dexamethasone twice daily for 5 days before breeding improved pregnancy rates in subfertile mares (Morris & Eden 2008). When condensing treatments into one dose, Bucca et
al. (2008) saw a reduction in clinical signs of persistent endometritis with iv
administration of 50 mg of dexamethasone at the time of breeding, and concluded that a
single dose of 50 mg dexamethasone is both safe and effective for the treatment of
persistent endometritis (Bucca et al. 2008). Corticosteroids are known to suppress the
expression of pro-inflammatory cytokines in other species and body systems (Hodge et
al. 1999, Elenkov 2004). While the anti-inflammatory effect of corticosteroids may
modulate the breeding-induced inflammation, adverse effects on the killing capacity of
PMNs has been reported (Dell' Aqua et al. 2006). However, other researchers reported
that mares treated with 50 mg dexamethazone had no effect on PMN migration or
phagocytosis (Bucca et al. 2008, Ohman et al. 2011).
Mycobacterial cell wall extract (MCWE) is a potent immune stimulator and has
been used to stimulate the immune response to treat cancer (Filion & Phillips 2001,
Yuksel et al. 2011), respiratory disease, and as a vaccine adjuvant (Berinstein et al.
1991). MCWE has been used as a proactive treatment for persistent endometritis, and
was found to decrease the number of mares with endometritis after challenge with
streptococcus zooepidemicus (Rogan et al. 2007). Pregnancy rates in mares bred during
their foal heat cycle were improved after treatment with MCWE (Fumuso et al. 2003a).
In addition, when investigating the uterine inflammatory response to breeding, MCWE
was shown to decrease levels of pro-inflammatory cytokines in susceptible mares
towards levels of resistant mares 24 hours post breeding (Fumuso et al. 2003b, Fumuso et
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al. 2007). The authors concluded that treatment with MCWE was beneficial in terms of
returning the uterine inflammatory cytokine response to homeostasis and improving
fertility, however, the mechanism of MCWE needs further investigation to understand the
timing of inflammatory events occurring after treatment and challenge.

1.5 Conclusion
The uterine environment is one of complex interactions, requiring a delicate
balance of recognizing and responding to inflammatory stimuli to maintain functionality.
The position and conformation of the mare reproductive tract can lead to challenges in
fertility which can be diagnosed and addressed in a variety of ways. Although there are
many treatment options for the treatment of PBIE, it is crucial to identify mares
susceptible to PBIE prior to challenge so that proactive treatments can be limited to only
the mares that will need them, and administered to those mares more likely to have
persistent inflammation. In addition, a better understanding of the uterine inflammatory
pathways and how current treatment strategies affect these pathways is important for
improving treatment regimes. Therefore, the first objectives of the following experiments
are to investigate the relationship of endometrial quality with age and fluid retention after
breeding, and to observe how mares change their susceptibility from one season to the
next. A second experiment investigates cytokine mRNA expression in resistant and
susceptible mares within the first 24 hours after breeding, and given the results from that
experiment, an additional study examines the effect of immunomodulation on
inflammatory cytokine mRNA expression in susceptible mares 6 hours after breeding.
Lastly, a final experiment assesses intrauterine NO production and accumulation in
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resistant and susceptible mares within the first 24 hours after breeding, and the effects of
immunomodulation on NO production and accumulation in the uterus 6 hours after
breeding.

Copyright © Elizabeth M. Woodward 2012
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CHAPTER 2

Susceptibility to persistent breeding induced endometritis: relationship to
endometrial biopsy score and age, and variations between seasons.
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2.1 Summary
The objectives were to: 1) investigate the associations of age and endometrial
biopsy score with uterine fluid retention after insemination; and 2) determine if a strict
classification of susceptibility to persistent breeding induced endometritis (PBIE) based
on biopsy score, endometrial cytology, and fluid retention after inseminations, is
consistent over subsequent breeding seasons. In Experiment 1, 57 mares were
inseminated with 109 freeze-killed sperm during estrus and evaluated for uterine fluid
retention 48 and 96 hours after insemination. Comparisons were made between fluid
retention and biopsy score or age. In Experiment 2, a subset of 14 mares was classified
for susceptibility to PBIE in 2 subsequent breeding seasons. Biopsy score and age were
associated with fluid retention (P < 0.001). In addition, age was related to biopsy score (P
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< 0.001). Of the mares examined for susceptibility, 36% (5 of 14) changed status during
subsequent seasons. 3 mares changed to a more severe classification (intermediate to
susceptible, or resistant to intermediate), whereas 2 mares changed to a less severe
classification (susceptible to intermediate).

2.2 Introduction
Transient breeding-induced endometritis is a normal event in the immediate hours
after breeding, and it is believed that an inflammatory response is necessary for effective
removal of bacteria and excess spermatozoa introduced into the uterus (Troedsson 2006).
In a healthy uterus, inflammation is cleared well before the fertilized oocyte descends
from the oviduct into the uterine lumen, 5 days after ovulation and conception (Oguri &
Tsutsumi 1972, Betteridge et al. 1982). A timely resolution of breeding induced
inflammation is necessary in order to provide an environment that is compatible with
pregnancy (Troedsson 1999). Using a bacterial challenge with Streptococcus
zooepidemicus, Hughes and Loy reported that whereas most mares were able to clear
bacteria from the uterus, a subpopulation of predominantly older mares was not (Hughes
& Loy 1969). The authors suggested that these mares had an alteration in the normal
uterine defense mechanism. Persistent endometritis can be associated with bacterial
infections, or can occur in response to semen. In most cases, breeding induced
endometritis is the result of the combined exposure to semen and bacteria, since bacteria
can enter the uterus during both natural mating and artificial insemination. Therefore, it is
not possible to designate the inflammatory agent as either sperm or bacteria (Troedsson
1995a). Regardless of the cause of endometritis, a common denominator is the inflamed
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state of the endometrium, manifested by the presence of neutrophils and fluid
accumulation (Troedsson 2006), although reproductively healthy mares should resolve
the inflammation efficiently.
Age has been associated with an altered systemic immune response in horses and
other animal species, and it has been observed that age is a factor in mares prone to PBIE
(Ricketts & Alonso 1991, Carnevale & Ginther 1992, Zent et al. 1998, Barbacini et al.
2003). In addition, other factors have been linked to sub-fertility associated with PBIE,
including poor perineal conformation (Hemberg et al. 2005), excess fluid retention
during estrus prior to breeding (Brinsko et al. 2003), a defect in myometrial contractility
(Troedsson et al. 1993b), uterine position within the abdominal cavity (LeBlanc et al.
1998), and a positive uterine culture prior to breeding (Riddle et al. 2007). Troedsson et
al. observed that mares susceptible to persistent uterine infection delayed clearing
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microspheres from the uterus when compared to normal, resistant mares; that study
demonstrated a failure in the physical ability to expel uterine contents (Troedsson & Liu
1991). Using scintigraphy, Leblanc et al. (1994) confirmed that delayed uterine clearance
was a consistent finding in mares susceptible to persistent endometritis (LeBlanc et al.
1994). Although scintigraphy and microspheres are useful methods for studying PBIE,
they are not practical as diagnostic tools in a clinical setting. Since the diagnosis of PBIE
is made after the fact, methods to predict susceptibility to PBIE are often limited to the
mares' clinical histories.
Endometrial biopsy score is an accepted marker of uterine health and predicted
fertility (Ludwig et al. 2001, Schlafer 2007), and it has been suggested that endometrial
pathologies are correlated to susceptibility to persistent infectious endometritis
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(Troedsson et al. 1993a). However, the number of observations in previous studies was
relatively small and it is not clear if susceptibility to PBIE is maintained during
subsequent breeding seasons.
The objectives of this study were to: 1) investigate associations of age and
endometrial biopsy score with uterine fluid retention after insemination; and 2) determine
if a strict classification of susceptibility to PBIE (based on biopsy score, endometrial
cytology, and fluid retention) after insemination is consistent over subsequent breeding
seasons. Based on previous data, it was hypothesized that mares with biopsy scores of IIB
and III (indicating more degenerative changes, [21]) are more prone to uterine fluid
retention after breeding than mares with scores I and IIA. Furthermore, it was
hypothesized that mares retain their status or exhibit an increase in susceptibility to PBIE
during subsequent seasons. No attempt was made to implicate sperm, bacteria, or a
combination of the two, as the cause of PBIE, or to associate the grade of uterine fluid
with susceptibility to PBIE.

2.3 Materials and Methods
2.3.1 Animals
Mares of mixed breeds and ages (2 to 27 years) were kept on pasture (and fed
supplemental grain and hay), and provided with water and salt ad libitum. The mares
were donations to the University research herd, and their reproductive histories were
mostly unknown. Semen was collected from 3 stallions with housing conditions similar
to that of the mares. Both experiments were approved by the University of Kentucky’s
IACUC (protocol numbers 2009-0455 and 2009-0602).
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2.3.2 Preparation of sperm for insemination
Freeze-killed sperm were prepared by removing the seminal plasma from
ejaculates using centrifugation (1000 × g for 10 minutes), then re-suspending the sperm
pellet in EquiPro™ milk based extender (Minitube, Verona, WI, USA) in aliquots of 109
sperm in 30 mL of extender, followed by at least 2 freeze (-20 °C)/thaw cycles.

2.3.3 General experimental procedure
Mares were observed regularly using transrectal ultrasonography, and estrus was
determined based on uterine edema, a relaxed cervix, and at least one follicle 35 mm or
larger in diameter in the absence of a corpus luteum. Prior to inseminations, mares were
evaluated for the presence of intrauterine polymorphonuclear neutrophils, (PMN) using a
cytobrush (Minitube) or low volume lavage to obtain samples, and for intrauterine
bacteria using a double-guarded swab (Minitube) to obtain samples. Inflammation was
defined as more than 2 PMNs per 5 fields at ×400 magnification. Only mares with
negative cytology and culture prior to insemination were considered for the experiments.
If a mare had a positive culture and/or cytology prior to insemination, she was excluded
for that cycle, treated, and re-entered the study during a subsequent cycle. For all
inseminations, mares were challenged with an intrauterine inoculation of 109 freezekilled stallion sperm in 30 mL of milk based semen extender (Minitube). During diestrus,
endometrial biopsies (approximately 300 mg of tissue) were acquired using an alligator
jaw biopsy instrument, then fixed in 10% formalin, sectioned at 5 μm and stained with
hematoxylin and eosin. Each biopsy was examined for periglandular fibrosis,
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inflammatory cells, glandular distribution and lymphatic lacunae, then graded according
to Kenny and Doig (Kenney & Doig 1986). Two experiments were conducted to
investigate the specific aims. Experiment 1 aimed to compare age and endometrial biopsy
score to uterine fluid retention 48 and 96 hours after insemination. Experiment 2 aimed to
determine if a strict classification of susceptibility to PBIE based on biopsy score,
endometrial cytology, and fluid retention after inseminations, was consistent over
subsequent breeding seasons.

2.3.4 Experiment 1: uterine fluid retention after breeding
Fifty-seven mares (aged 2 to 27 years) were evaluated for uterine fluid retention
by transrectal ultrasonography 48 and 96 hours after insemination. Fluid retention was
defined as having > 2 cm of intrauterine fluid 48 hours after insemination, or the presence
of any fluid 96 hours after insemination.
For statistical comparisons on effect of age, mares were allocated into 3 groups (2
to 8 years, 9 to 16 years, ≥ 17 years). Using SigmaStat© (Systat Software, Inc., Chicago,
IL, USA), statistical analyses were made using a Chi-square test comparing biopsy score,
uterine fluid retention, and age. Individual comparisons of each biopsy grade and age
group with the presence or absence of uterine fluid were made using a Fischer’s exact
test. Significance was set at P < 0.05.

2.3.5 Experiment 2: susceptibility to PBIE over subsequent seasons
Fourteen mares (aged 5 to 27 years) were examined during 2 subsequent breeding
seasons for susceptibility to PBIE based on diestrus endometrial biopsy score and the
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results of a sperm challenge. Based on the results from Experiment 1, mares with a score
of I or IIA were considered potentially resistant to PBIE, whereas those with scores of
IIB or III were potentially susceptible to PBIE.
After selection as potentially resistant or susceptible to PBIE, mares were
inseminated with freeze-killed sperm during estrus. Potentially susceptible mares were
evaluated 96 hours after insemination and were confirmed as susceptible if they had: 1)
positive cytology, and 2) uterine fluid accumulation. Potentially resistant mares were
assessed 48 hours after breeding, and those with: 1) negative cytology/culture, and 2) no
uterine fluid accumulation, were confirmed as resistant mares. Mares not meeting the
criteria for classification as susceptible or resistant under the conditions of this study
were considered intermediate. A comparison was made examining changes in
classification from one year to the next (reported as a percentage).

2.4 Results
2.4.1 Experiment 1
Of the 57 mares evaluated for uterine fluid retention after breeding, 19 had a
biopsy score of I or IIA (4 I; 15 IIA), and 38 with IIB or III (16 IIB; 22 III). Nine mares
were in age group one, 22 in group 2, and 26 in group 3. One of the mares in age group
one had a biopsy score of I, 7 with a score of IIA, and one with a score of IIB. Three of
the mares in group 2 had a score of I, 8 had a score of IIA, 6 had a score of IIB, and 5 had
a score of III. Nine of the mares in age group 3 had a score of IIB, and 17 had a score of
III. Two mares with grades IIA and III did not retain fluid 48 hours after insemination,
but did have fluid 96 hours after insemination.
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Comparisons were made between biopsy grades and uterine fluid retention at the
48 and 96 hours time points (Fig. 2.1). Forty-eight hours after insemination, 13% (2 of
15) of the grade IIA mares, 75% (12 of 16) of the grade IIB mares, and 86% (19 of 22) of
the grade III mares retained fluid. Ninety-six hours after insemination, 7% (1 of 15) of
the grade IIA mares, 69% (11 of 16) of the grade IIB mares, and 91% (20 of 22) of the
grade III mares retained fluid. None of the mares with a grade I biopsy (0/4) retained
fluid 48 or 96 hours after insemination. For both time points, there was no difference in
intrauterine fluid retention when comparing biopsy grades I to IIA or grades IIB to III.
However, 48 hours after insemination, there was an increase in incidence of uterine fluid
retention for grades IIB and III when comparing grade I to IIB (P = 0.014) and III (P =
0.002), and when comparing grade IIA to IIB (P < 0.001) and III (P < 0.001). In addition,
96 hours after insemination, there was an increase in incidence of uterine fluid retention
for grades IIB and III when comparing grade I to IIB (P = 0.026) and III (P = 0.001), and
when comparing grade IIA to IIB (P = 0.002) and III (P < 0.001)
Comparisons were made between age group and uterine fluid retention at 48 and
96 hours (Fig. 2.2). None of the mares in group one (0/9) retained fluid 48 or 96 hours
after insemination. Forty-five percent (10/22) of the group 2 mares retained fluid 48
hours after insemination, and 36% (8/22) retained fluid 96 hours after insemination.
Eighty-eight percent (23/26) of group 3 mares retained fluid 48 and 96 hours after
insemination. For both time points, there was no difference in intrauterine fluid retention
when comparing age group one to group 2. However, 48 hours after insemination, there
was an increase in incidence of uterine fluid retention for age group 3 when compared to
age group one (P < 0.001) and age group 2 (P = 0.001). In addition, 96 hours after
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insemination, there was an increase in incidence of uterine fluid retention for age group 3
compared to age group one (P < 0.001) and to age group 2 (P = 0.001).
Based on these results, Chi Square analysis was performed with biopsy scores I
and IIA combined into one group, and IIB and III into another. Both biopsy score and age
were related to fluid retention (P < 0 .001). In addition, the biopsy score of mares was
related to age (P < 0.001).

Fig. 2.1: Biopsy score and intrauterine fluid in mares 48 and 96 hours after insemination.
Columns without a common superscript differed (P < 0.05).
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Fig. 2.2: Age group and intrauterine fluid in mares 48 and 96 hours after insemination.
Columns without a common superscript differed (P < 0.05).
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2.4.2 Experiment 2
Of the mares examined for susceptibility to PBIE, in the first season 3 mares were
classified as resistant, 7 as intermediate, and 4 as susceptible. In the second season, 1 was
resistant, 10 were intermediate, and 3 were susceptible (Table 2.1). Thirty-six percent (5
of 14) changed status with regards to susceptibility during subsequent seasons. Three
mares (21%) changed to a more severe classification (intermediate to susceptible, or
resistant to intermediate), whereas 2 mares (14%) changed to a less severe classification
(susceptible to intermediate Table 2.1).
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Table 2.1 Screening for persistent breeding induced endometritis (PBIE) in mares over
subsequent seasons. Changes in classification status are marked with an asterisk (*) by
the mare’s identification number.

Mare
1
2*
3
4
5
6*
7
8
9*
10
11
12*
13*
14

Biopsy
III
IIB
I
I
IIB
IIB
IIA
III
IIB
IIB
IIA
IIA
IIA
IIA

Season 1
Cytology Fluid
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Class
S
S
I
I
I
S
R
S
I
I
I
R
R
I

Biopsy
III
IIB
IIA
I
IIB
IIB
IIA
III
III
III
IIA
IIA
IIB
IIA

Season 2
Cytology Fluid
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Class
S
I
I
I
I
I
R
S
S
I
I
I
I
I

2.5 Discussion
Based on this study, we inferred that a uterine biopsy score can be useful for most
mares in predicting PBIE and intrauterine fluid retention as a response to insemination,
although some mares may fall into an intermediate category. The present data supported
findings from previous studies, as there was no difference in fluid retention between
grades I and IIA or IIB and III (Troedsson et al. 1993a). The observation that groups IIB
and III had increased incidences of fluid retention when compared to I and IIA further
bolstered the classification criteria for susceptibility to PBIE, in that the line between
potentially resistant and potentially susceptible can be drawn between biopsy scores IIA
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and IIB. We concluded from the data that age was associated with fluid retention.
The foaling histories of the mares were unknown; therefore parity could not be
included as a factor in the analysis of the data. Age combined with parity has been
associated with endometrial degeneration, however it is difficult to separate the two to
study the effect of parity alone on endometrial quality, as with increased parity comes
increased age. Ricketts and Alonso (1991) investigated the relationship of chronic
degenerative endometrial disease with age and parity, and found that maiden mares of
increased age exhibited endometrial changes, indicating that age alone will be a causative
factor in the development of endometrosis. In addition, these authors found that mares
with increased parity had a higher than average incidence of poor endometrial quality,
whereas mares with fewer foals had endometria with better than average quality.
However, they also stated that the differences were too small to make any conclusions in
a practical setting (Ricketts & Alonso 1991).
Another group of researchers used sub-fertile mares to investigate endometrial
angiopathies as related to age and parity, and reported that mares of increased age and
parity had a higher percentage of severe angiopathies, but evaluating the effect of parity
alone was not possible (Gruninger et al. 1998). The study evaluated age as a sole factor
when studying angiosis in maiden mares, and found that older maiden mares had a higher
incidence of angiosclerotic changes than younger maiden mares. The authors then
compared the occurrence of angiosis with that of endometrosis. Mares with angiosis also
had a higher, more severe incidence of endometrosis, suggesting that had the authors
looked at endometrial quality, they would have had similar results in regards to age and
parity (Gruninger et al. 1998). Unfortunately, the conditions of the present study did not

33

permit a comparison of parity to endometrial quality and fluid retention, and parity
cannot be excluded as a factor. However, evidence suggests that age alone is a factor in
the progression of degenerative endometrial changes.
A mechanism for the association between uterine pathology (biopsy scores IIB
and III) and the inability to clear fluid produced from an acute inflammatory response
was not evaluated in this study. Intrauterine fluid is highly correlated with the presence of
neutrophils which migrate through vessel walls to the uterine lumen during inflammation
(Burleson et al. 2010). It was previously suggested that damage to blood vessels may lead
to decreased circulation and lymphatic drainage, thereby increasing fluid retention and
decreasing fertility (Gruninger et al. 1998). Doppler ultrasonography detected differences
in uterine blood perfusion in mares with varying degrees of endometrial degenerative
changes, further illustrating the importance of adequate blood flow and drainage for
uterine function (Stolla & Bollwein 1997, Esteller-Vico et al. 2010). Repeated
inflammation may also be associated with uterine fluid retention. Algamdi et al.
(Alghamdi et al. 2005b) found an increase in mRNA expression of inducible nitric oxide
synthase in endometrial inflammatory cells with a resulting increase of luminal nitric
oxide production in susceptible mares after breeding, which may impair myometrial
contractions, leading to decreased clearance through the lymphatic ducts and cervix.
Another possible association between poor endometrial biopsy score and delayed uterine
clearance is that prolonged inflammation can have an accelerating effect on the decline of
the uterine health; it was found that repeated bouts of acute endometritis can lead to
fibrotic changes (Hoffmann et al. 2009).
This study evaluated the clinical uterine inflammatory response to breeding.
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Artificial insemination and (especially) natural cover are likely to introduce bacteria into
the uterus unintentionally; therefore it is not possible to distinguish the inflammatory
response to bacteria or sperm (Troedsson et al. 1995a). In any case, a resistant mare
should be capable of clearing inflammation, sperm, and bacteria from the uterus within
48 h after breeding (Katila 1995). Although it is difficult to differentiate the inflammatory
response to breeding with regards to bacteria and seminal exposure, we ensured that
mares were free of ongoing bacterial infections prior to breeding. Those testing positive
were removed from the experiment, treated, and returned to the experiment once a
negative culture/cytology was obtained, therefore none of the mares tested positive
initially at the start of the experiment.
Based on the results, we inferred that mares may change susceptibility to PBIE
over subsequent breeding seasons. This change may be a gradual process, since none of
the mares changed from resistant to susceptible, or from susceptible to resistant in
subsequent seasons. Some mares improved their susceptibility status, suggesting that
progression of PBIE is not unidirectional, but may develop over time with fluctuating
degrees of resistance from one year to the next. The mares with improved resistance from
the first to second year had unchanged biopsy scores for both seasons; their status
improved because they did not have intrauterine inflammation (fluid, positive cytology,
or both) in the second breeding season. Conversely, 2 of the mares worsened in status,
due to the presence of uterine fluid and positive cytology. In addition, one resistant mare
changed her status from the first to second year because her biopsy grade worsened from
IIA to IIB, and she was therefore screened as a susceptible mare. She did not retain fluid
or have positive cytology at 96 hours, and was classified as intermediate under the
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conditions of this study. Two mares in Experiment 1 were free of fluid 48 hours after
insemination, but did have intrauterine fluid 96 hours after breeding. It is unknown if
these mares had developed bacterial infections at 48 hours (as they were not cultured at
this time point in Experiment 1), but it is possible that they developed an infection after
breeding, thereby causing fluid retention at 96 hours. All mares included in both
experiments were free of bacterial infections and inflammation prior to breeding. Two of
the grade I mares in Experiment 2 (mares number 3 and 4) did not have fluid retention 48
hours after breeding, but did have positive cytology, indicating the presence of
inflammation. Because of the positive cytology, they were both considered intermediate
mares. Had we evaluated the presence of neutrophils in the two mares in Experiment 1 at
48 hours, we may have seen similar findings. When taking into account the presence of
neutrophils in addition to fluid retention, fewer horses may be considered resistant than
when fluid retention is the sole factor as a marker of inflammation (none of the mares in
experiment one with a grade I biopsy retained fluid 48 hours after insemination).
Three mares screened as susceptible in Experiment 2 were negative for cytology
and fluid 96 hours after insemination. These mares failed to meet all of the criteria to be
classified as resistant or susceptible for this study, and therefore were considered
intermediate. However, it is unknown if these mares had inflammation at 48 hours, as
potentially susceptible mares were only evaluated for inflammatory cells 96 hours after
insemination. Any mare (regardless of biopsy score) capable of clearing fluid,
inflammatory cells, and bacteria within 48 hours of breeding could be considered
resistant to PBIE. However, using our strict criteria for ascertaining susceptibility to
PBIE where biopsy grade may pre-classify a mare as susceptible or resistant, yet if
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uterine inflammatory response after breeding fails to confirm this classification, mares
would go into the intermediate category.
Although no statistical analyses were performed on the limited number of
observations in Experiment 2, we inferred that mares were unlikely to improve their
status because of biopsy score, as none of them improved their biopsy score. This finding
was consistent with the association between age and biopsy score observed in this and
other studies (Carnevale & Ginther 1992, Gruninger et al. 1998). To better ascertain the
timeline for a mare's progression towards susceptibility to PBIE, a multi-year study
would be appropriate, following mares until they reached susceptibility.

2.6 Conclusion
In conclusion, uterine fluid retention was associated with the severity of
endometrial histopathology; combining biopsy score with ability to clear inflammation
yielded a convincing set of criteria for identifying problem mares. In addition, although
mares can be classified as susceptible or resistant to PBIE, many mares were classified in
an intermediate group. Finally, although it was evident that mares will likely increase in
susceptibility to PBIE with age and decreased endometrial quality, it was noteworthy that
some mares improved their resistance from one season to the next.
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CHAPTER 3
Endometrial inflammatory markers of the early immune response in mares
susceptible or resistant to persistent breeding induced endometritis (PBIE).
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3.1 Summary
Transient uterine inflammation after breeding is a physiological process necessary
for clearance of bacteria and excess spermatozoa. In a subpopulation of mares, the
inflammation fails to resolve in a timely fashion, resulting in a uterine environment
detrimental to the conceptus. The objective of this study was to describe the
inflammatory response in mares susceptible or resistant to persistent breeding induced
endometritis (PBIE) during the first 24 hours after induction of uterine inflammation.
Twelve mares were classified as susceptible (n = 6) or resistant (n = 6) to PBIE based on
clinical response to insemination with dead spermatozoa and evaluation of endometrial
quality. Mares were inseminated over 5 estrous cycles and endometrial biopsies were
collected at one time point per cycle in randomized order before (0), and 2, 6, 12, and 24
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hours after insemination. qPCR analysis for IL1β, IL6, IL8, IFNγ, TNFα, IL10, and
IL1RA was performed using β-actin as a reference gene. Relative quantification values
reported fold changes in mRNA expression from baseline (0 hours). A general pattern of
expression post insemination was observed in both groups of mares. Cytokine mRNA
increased at 2 hours, peaked at 2 to 6 hours, and then decreased. Differences were
detected between groups of mares 6 hours after challenge; resistant mares had higher
mRNA expression of IL6, IL1RA, and IL10 than susceptible mares. These findings
describe an inherent difference in the initial immune response to insemination, and may
help explain the transient nature of inflammation in resistant mares, whereas susceptible
mares develop a persistent inflammation.

3.2 Introduction
A transient uterine inflammation in response to breeding is a normal physiological
reaction that must be cleared within 5 days after ovulation, at which time the conceptus
migrates into the uterus. Persistent inflammation beyond 5 days can be harmful to the
conceptus and interfere with pregnancy (Oguri & Tsutsumi 1972, Betteridge et al. 1982,
Troedsson et al. 1995b, Troedsson 1999). Uterine fluid retention 24-36 hours after
breeding has been estimated to affect 10-15% of broodmares (Zent et al. 1998). While
susceptibility to PBIE has been attributed in part to dysfunctional myometrial
contractility (Troedsson & Liu 1991, LeBlanc et al. 1994), the underlying inflammatory
mechanisms responsible remain poorly understood.
The inflammatory process is initiated by cell signaling molecules, followed by a
series of signaling cascades that lead to the resolution of inflammation through the
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recruitment of polymorphonuclear neutrophils (PMNs) and other inflammatory cells to
the site of inflammation (Parham 2005). Understanding the mechanisms during the initial
cell signaling period is important in describing subsequent inflammation. Cytokine
mRNA expression during the uterine inflammation has been studied in the mare. Fumuso
et al. investigated endometrial cytokine mRNA expression 24 hours after artificial
insemination with semen in susceptible and resistant mares. The group detected an
increase in pro-inflammatory cytokines interleukin (IL)1β, IL6, and tumor necrosis factor
(TNF)α in all mares after insemination, and found that mares susceptible to PBIE had
higher basal levels of mRNA expression of the cytokines when compared to resistant
mares (Fumuso et al. 2003b). The same group subsequently found increased mRNA
expression of the neutrophil chemoattractant IL8 and lower expression of the
inflammatory modulating cytokine IL10 in susceptible mares compared to resistant mares
24 hours after insemination (Fumuso et al. 2006, Fumuso et al. 2007). However, in
contrast to Fumuso et al., other authors were unable to find a significant 24 hour IL8
response to insemination in reproductively normal pony mares (Nash et al. 2008, Nash et
al. 2010). Endometrial mRNA expression of TNFα, IL1β, IL8, and IL10 were all found
to be upregulated in response to a diestrus intrauterine inoculation of a high dose of
Escherichia coli as early as 3 hours after challenge in normal mares (Christoffersen et al.
2010). In addition, uterine clearance begins as early as 30 minutes after insemination with
radiocolloid (LeBlanc et al. 1994), and myoelectrical patterns in susceptible and resistant
mares differ as early as 6 hours after bacterial inoculation into the uterus (Troedsson et al.
1993b). Given these findings, it is possible that the critical timeframe for cytokine mRNA
expression as it relates to susceptibility to PBIE occurs much earlier than the 24 hours
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time point previously investigated. Knowledge of the time frame of events and
inflammatory signaling cascades occurring after breeding is critical for an understanding
of the development of PBIE. Therefore, the objective of this study was to profile pro- and
anti-inflammatory cytokine mRNA expression patterns in the equine endometrium at
several time points within the first 24 hours after challenge with dead spermatozoa. We
hypothesized that (1) there is a change in the endometrial inflammatory cytokine mRNA
expression in mares at varying time points within 24 hours after insemination, and (2)
that mares susceptible to PBIE have a different profile of cytokine expression than mares
resistant to PBIE within the first 24 hours of breeding.

3.3 Materials and Methods
3.3.1 Animals
Ninety-two mares (Equus caballus) of mixed breeds, aged (2 to 27 years), and
foaling history were kept on pasture supplemented with grain and hay, and were provided
with water and salt ad-libitum. Three stallions were maintained under similar housing
conditions to that of the mares. The experiment was approved by the University of
Kentucky’s IACUC (protocol numbers 2009-0455 and 2009-0602).

3.3.2 Preparation of sperm for insemination
Semen was regularly collected from the stallions and used as needed throughout
the experiment. Freeze-killed spermatozoa were prepared by removing the seminal
plasma from ejaculates using centrifugation (2000 × g for 10 minutes), resuspending the
spermatozoa pellet in milk based extender (EquiPro™, Minitube, Verona, WI, USA) in
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aliquots of 1×109 spermatozoa in 30 mL of extender, followed by at least 2 freeze
(−20°C)/thaw cycles of the aliquots to kill the spermatozoa.

3.3.3 General experimental procedure for the selection of mares
Mares were examined for susceptibility to PBIE based on endometrial histology
and the results of a spermatozoa challenge. Endometrial biopsies (approximately 300 mg
of tissue) were obtained during diestrus using an alligator jaw biopsy instrument, fixed in
10% formalin, sectioned at 5 μm and stained with hematoxylin and eosin. Each biopsy
was examined for periglandular fibrosis, inflammatory cells, glandular distribution and
lymphatic lacunae, then graded according to Kenney and Doig (Kenney & Doig 1986).
Mares with scores of I or IIA were considered potentially resistant to PBIE (n = 27),
while those with scores of IIB or III were potentially susceptible to PBIE (n = 65)
(Troedsson et al. 1993a).
After selection as potentially resistant or susceptible to PBIE, the mares’
reproductive tracts were observed regularly for signs of estrus and pending ovulation
using transrectal ultrasonography. Estrus was defined by the presence of uterine edema, a
relaxed cervix, and at least one follicle 35 mm or larger in diameter in the absence of a
corpus luteum. Once estrus was detected, mares were evaluated for the presence of
intrauterine inflammatory cells using a cytobrush (Minitube) or low volume lavage to
obtain samples, and for intrauterine bacteria using a double-guarded swab (Minitube) to
obtain samples, and then were subsequently inseminated with freeze-killed spermatozoa
(prepared as above). For the cytological evaluations, a sample positive for inflammation
was defined as more than 2 neutrophils per 5 fields at ×400 magnification. Swab samples
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were cultured on blood agar, then incubated at 37°C for 24 hours and evaluated for
growth. Mares were challenged with an intrauterine inoculation of 1×10 9 freeze-killed
stallion spermatozoa in 30 mL of milk based semen extender (Minitube). Only mares
with negative cytology and no bacterial growth prior to insemination were considered for
the experiment.
Potentially susceptible mares were evaluated 96 hours after insemination and
were confirmed as a susceptible mare if they had 1) positive cytology, and 2) uterine fluid
retention. Potentially resistant mares were assessed 48 hours after breeding, and those
with 1) negative cytology and culture in addition to 2) no uterine fluid retention were
confirmed as resistant mares (Troedsson & Liu 1991, Alghamdi et al. 2005b). All mares
not meeting the criteria for classification as susceptible or resistant were considered as
intermediate and excluded from the study. From the herd of 92 mares, a total of 6
susceptible and 6 resistant mares were identified and used in this study.

3.3.4 Treatments
Over 5 subsequent cycles, estrus was induced through im administration of
prostaglandin F2α, (Lutalyse® 7.5 mg, Pfizer, New York, NY, USA). Once estrus was
detected, mares were evaluated for cytological and bacterial findings (as described
above), and then subsequently inseminated with 1×109 dead spermatozoa (as described
above). Only estrous cycles with negative cytology and culture were used for the
experiment; if mares were positive for cytology or culture at the time of insemination,
they were treated and insemination attempted again during a subsequent cycle.
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Uterine biopsies were collected at one time point per cycle in randomized order.
Time points were: 0 (prior to insemination), 2, 6, 12, and 24 hours after insemination.
The obtained tissue was either snap frozen in liquid nitrogen and stored at −80°C until
further processing, or stored in RNAlater® (Applied Biosystems, Carlsbad, CA, USA)
overnight at 4°C, then moved to −20°C for storage until further processing.

3.3.5 qPCR analysis

Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA,
USA), precipitated using sodium acetate and isopropanol, resuspended in ddH2O and
DNAse treated with a commercially available kit (DNA-free™, Applied Biosystems),
then analyzed for quality and quantity using a NanoDrop® spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). The ranges for the 260/280 and 260/230 ratios were
1.92-2.2 and 1.89-2.4, respectively. 1.5 µg of RNA in 41.5 µL ddH2O was reverse
transcribed in a reaction using AMV Reverse Transcriptase (0.5 µL;10 U/μL), 5×RT
Buffer (16 µL), RNAsin® (1 µL; 40 U/μL), MgCl (16 µL; 25 mM), dNTP (4 µL;10
mM), and Oligo(dT) Primer (1 µL; 500 µg/mL) (all reagents from Promega, Madison,
WI, USA). Samples were incubated at 42°C for 60 minutes, then 95°C for 5 minutes.
cDNA was diluted 1:1 with ddH2O, and qPCR for each sample was performed using 4.5
µL of cDNA, 5 µL of Sensimix™ II (Bioline, Tauton, MA, USA), and 0.5 µL of a
custom dual hydrolysis primer/probe set (Applied Biosystems) (Table 3.1). Reactions
were performed in duplicate, and using the 7900HT Fast Real-Time PCR System
(Applied Biosystems), were incubated at 95°C for 10 minutes, followed by 45 cycles of
95°C for 15 seconds and 60°C for 60 seconds. PCR efficiencies were calculated using
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LinRegPCR (version 7.0). β-actin was used as the reference gene, as it was previously
determined to be the most stably expressed gene out a panel of 4 reference genes (18 S
RNA,

β-glucoronidase,

glyceraldehyde

3-phosphate

dehydrogenase,

β-actin)

(Christoffersen et al. 2010). Results are expressed as mean relative quantification values
(RQ) which were calculated using the 2-ΔΔCT method (Livak & Schmittgen 2001), with
the calibrator as the mean cycle threshold (ΔCT) value of the 0 hour collections from the
resistant mares.

Data were analyzed using SigmaStat© (Systat Software, Inc.) with two-way
repeated measures ANOVA tests. Data were log10 or square root transformed for normal
distribution, and outliers were defined as ± 2 SD from the mean and were removed from
statistical analyses (5 of 406 data points removed). Missing data points were
automatically calculated by the software using a general linear model (Sigma Stat User
Guide, p. 379). Comparisons were made between groups at each time point, and between
time points within groups. Significance was set to P < 0.05.

3.4 Results
IL1β mRNA expression was increased from baseline levels at 2 hours and 6 hours
for both groups of mares (P ≤ 0.01). No differences were observed between susceptible
and resistant mares at any time point (Figure 3.1).

IL6 mRNA expression was increased from baseline levels at all time points in
both groups of mares (P ≤ 0.047). In addition, susceptible mares had a higher level of
expression at 2 hours when compared to 24 hours (P = 0.033) and resistant mares had an
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increase at 6 hours when compared to 12 and 24 hours (P ≤ 0.002). Resistant mares had a
higher level of expression at 6 hours when compared to susceptible mares (P = 0.01)
(Figure 3.2).
IL8 mRNA expression in resistant mares was increased at 2 and 6 hours from
baseline (P < 0.04), followed by a decrease from 6 to 12 hours (P = 0.042). In susceptible
mares, there was a significant rise in expression from baseline to 2 hours (P = 0.005).
There were no differences in expression between susceptible and resistant mares (Figure
3.3).
Interferon gamma (IFNγ) mRNA expression in resistant mares was increased
from baseline at 2 hours and 6 hours (P ≤ 0.001) after insemination. Susceptible mares
had increased expression at 6 hours compared to baseline, 12, and 24 hours (P ≤ 0.046).
There were no differences between susceptible and resistant mares; however, mRNA
expression patterns of IFNγ differed between the two groups shortly after insemination.
Although both groups exhibited a response, the resistant mares had increased expression
at 2 hours, whereas the susceptible group did not increase until 6 hours after insemination
(Figure 3.4).
TNFα mRNA expression in susceptible mares did not differ at any time point. In
resistant mares, there was an increase in expression at 2 hours from baseline, 12, and 24
hours (P ≤ 0.032). Expression then decreased at 12 hours from 2 and 6 hours (P ≤ 0.034),
and at 24 hours was lower than baseline (P = 0.046). There were no differences between
groups (Figure 3.5).
IL10 mRNA expression in resistant mares was up-regulated at 6 hours compared
to all time points (P ≤ 0.001), and at 2 hours compared to baseline and 24 hours (P ≤
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0.045). Susceptible mares showed an increase at 6 hours compared to baseline and 24
hours (P ≤ 0.027). Resistant mares had higher expression than susceptible mares at 6
hours (P = 0.021) (Figure 3.6).
IL1RA mRNA expression peaked at 6 hours in resistant mares (P < 0.001), with a
marked increase from 2 to 6 hours (P < 0.001) and a decrease from 6 to 12 hours, (P <
0.001). Expression returned to baseline levels by 24 hours. Susceptible mares had
increased expression from baseline at all time points (P ≤ 0.017), with the highest levels
observed at 6 and 12 hours. Resistant mares had higher mRNA expression at 6 hours than
susceptible mares (P = 0.013), and susceptible mares had higher expression at 12 hours
than resistant mares (P = 0.017) (Figure 3.7).
The general mRNA expression patterns for the pro-inflammatory cytokines IL1β,
IL8, IFNγ, and TNFα, were similar in both groups of mares, with an initial increase at 2
and 6 hours, followed by a decrease towards baseline levels. Although there were no
differences between susceptible and resistant mares at any time point for these cytokines,
there were subtle variations in the rise towards the peak and the return to baseline level
expression. All mares returned to baseline levels of mRNA expression of IL1βand IL8 by
12 hours. However, resistant mares had a significant decrease in expression from 6 to 12
hours, while the susceptible mares had a less rapid decline in expression to preinsemination levels compared to the resistant mares.
There were distinct differences in the patterns of expression between resistant and
susceptible mares for IL6 and the inflammatory modulating cytokines IL1RA and IL10.
mRNA expression for all three cytokines was decreased in the susceptible mares at 6
hours when compared to the resistant mares, and susceptible mares had a higher
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expression of IL1RA at 12 hours when compared to the resistant mares. An outline
connecting the mean expression at each time point for the three cytokines shows that the
resistant mares have an expression profile with a sharp peak at 6 hours, while the lines for
the susceptible mares resemble more of a hump, with slower increases to and decreases
from the peak (Figures 3.2, 3.6, 3.7).

Table 3.1: Primer probe set sequences for the detection of equine mRNA. Primer probe
sets were designed using Assays-By-Design (Applied Biosystems, Carlsbad, CA)

Cytokine
Eqβ-actin
EqIL1
EqIL6
EqIL8
EqINFγ
EqTNFα
EqIL10
IL1RA

Forward primer sequence Reverse primer sequence

Probe sequence

CGCAAAGCAATAAGTGA GCCTCGAAACGGATTCTGA CTTCCTCAGGTT
ACTCATCAA
CT
AGCTTTG
CCCAAACTCTCCAAGAT CAGAGGTTTGAGTTCTTCTT ATGCCCAAGAAG
TCTCACAT
CTAGACA
GCCAC
TGACTGTAGCGGATGCC GCCCTGCAGATTTCCTTTCC CTGGCCCGAAGA
TTTG
AT
AC
CCTGGAGTCCCTGAGCA CATCTTCCGCGTGTTTTGGA TCTCCACCTGCA
A
T
GTGCC
ATTGAGATTCCG
AGCAGCACCAGCAAGCT TTTGCGCTGGACCTTCAGA
GTAAATG
TTACCGAATGCCTTCCA GGGCTACAGGCTTGTCACT CCAGACACTCAG
GTCAAT
T
ATCAT
ATGCCCCAGGCTGAGAA CGGAGGGTCTTCAGCTTTTC CCAGACATCAAG
C
C
GAGCACG
AGTTGCTGGATACTTGC GAGTCCCAGGAATAGAGCA CATCTATCTTCTC
AAGAATCA
TCAG
TTGTAATTTA
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Figures 3.1-3.7: Mean endometrial cytokine mRNA expression before (0) and 2, 6, 12, 24
hours after insemination with killed spermatozoa in susceptible (S; dark bars) and
resistant (R; light bars) mares. RQ values describe fold changes in each mare compared
to the ΔCT value of resistant mares at 0 hours. Data presented in graphs are the raw RQ
values, although data was log10 or square root transformed for statistical analysis. Error
bars report standard error of the mean. Comparisons were made within groups (S or R) at
each time point and different letters over the bars (capital letters for susceptible;
lowercase for resistant) within each group represent significant differences. Comparisons
were also made between groups at each time point, and significant differences are
represented by an asterisk (*). Significance set to P < 0.05.
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3.5 Discussion
Pro-inflammatory cytokines initiate inflammation, and once produced, a cascade
of inflammatory events occurs (Kuby 1992, Parham 2005). A timely response to
pathogens is important for an effective resolution of inflammation and preservation of
tissue, and IFNγ is important in the initiation of inflammation (Schroder et al. 2004). The
delayed rise in IFNγ mRNA in the susceptible mares observed in this study may reflect a
delayed inflammatory response to spermatozoa compared to resistant mares.
Furthermore, the differences observed in the mRNA patterns of expression for the proinflammatory cytokines suggest that susceptible mares have a slower return to baseline
levels, possibly contributing to the prolonged clinical signs observed in the susceptible
mares (Zent et al. 1998).
As with the other pro-inflammatory cytokines, mRNA expression for IL6
increased in response to challenge in both groups. IL6 was the only pro-inflammatory
cytokine with a significant difference between the two groups, with resistant mares
having increased mRNA expression compared to susceptible mares at 6 hours, which is
similar to the findings of the inflammatory modulating cytokines IL10 and IL1RA. While
IL6 is considered a pro-inflammatory cytokine, it has protective roles in early acute
inflammation and shock through the modulation of other pro-inflammatory cytokines
(Barton & Jackson 1993, Xing et al. 1998, Diao & Kohanawa 2005), and the induction of
inflammatory modulating cytokines, such as IL1RA (Tilg et al. 1994). In addition to the
resolution of acute inflammation, IL6 and its receptor has been suggested to have
implications in the transition from innate to acquired immunity and the persistence of
chronic inflammation (Kishimoto et al. 1995, Atreya et al. 2000, Jones 2005). It is
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possible that the increase of IL6 mRNA 6 hours after insemination in resistant mares
compared to susceptible mares may reflect initial inflammatory modulating roles of IL6
(similar to those of IL10 and IL1RA) during this time (Tilg et al. 1994). In mares,
treatment with the anti-inflammatory dexamethasone in susceptible mares has been
demonstrated to increase endometrial IL6 mRNA expression 3 hours after inoculation
with E. coli when compared to susceptible mares inoculated without dexamethasone
treatment (Christoffersen, et al. 2011). The same group observed an increase in mRNA
expression of the immune modulating cytokine IL10 and a decrease in the proinflammatory cytokine IL1β at 3 hours after dexamethasone treatment. These findings
further support that IL6 may be initially involved with an immune modulating response
to challenge, as the initial response of IL6 to dexamethasone is similar to that of the
immunomodulator IL10, and opposite to that of the pro-inflammatory IL1β. In addition,
the elevated levels of IL6 mRNA observed in untreated susceptible mares inoculated with
E. coli at 72 hours is similar to the response of the IL1β, and opposite to IL10
(Christoffersen, et al. 2011), which may reflect the pro-inflammatory actions of IL6
associated with inflammation more persistent in nature.
There is a delicate balance between the pro and anti-inflammatory response. Proinflammatory cytokines act as signaling molecules to initiate and increase the response,
while anti-inflammatory cytokines modulate the pro-inflammatory cytokines (Parham
2005, Hackett et al. 2008). IL10 is essential for the proper function of the immune
response, and deficiencies in IL10 can lead to tissue damage (Cyktor & Turner 2011). In
addition, the IL1 system is involved with both pathologic states as well as normal
reproductive function (Takehara et al. 1994, Van der Hoek et al. 1998, Martoriati et al.
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2003, Gerard et al. 2004). IL1RA mediates IL1, which if overactive, can also damage
tissue (Gerard et al. 2004). In this study, susceptible mares had a less defined immune
modulating response than resistant mares, suggesting that these mares were less able to
respond to and initiate the modulation of inflammation.
These data support previous research that illustrated a local immune response in
response to intrauterine challenge with dead spermatozoa (Fumuso et al. 2007), and that
susceptible mares are less capable of clearing the uterine inflammation than resistant
mares (Kenney & Doig 1986, Fumuso et al. 2006). However, the results conflict with that
of other studies as to which cytokines differ and at which time points (Fumuso et al.
2003b, Fumuso et al. 2006). A possible explanation for discrepancies between studies is
the criteria by which mares are selected as resistant versus susceptible to PBIE. It is
important to determine that mares are free of inflammation prior to breeding (via uterine
culture and cytology), because chronic inflammation may change cytokine mRNA
profiles at the baseline level, therefore altering results if data are to be analyzed using a
relative quantification method, as may have been the case in the later studies. A critical
factor for classification of mares is to ensure that the criteria for susceptibility and
resistance are stringent enough to represent the truly resistant or susceptible mare, since
many mares fall into an intermediate category. The model used in this experiment utilizes
such strict criteria and therefore is appropriate for the study of PBIE. In addition, these
data demonstrate that the time point of 24 hours may be too late to see a response with
some cytokines in normal mares, which could explain inconsistencies with this
experiment and previously published works (Fumuso et al. 2006, Nash et al. 2010). For
example, if normal mares are meant to resolve inflammation within 48 hours, it is
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plausible that at 24 hours after challenge, neutrophils are no longer being actively
recruited, and although neutrophils are likely to still be present in the uterus (Nash et al.
2010), IL8 may not be produced at levels above baseline during this time.
The findings that susceptible mares have an altered initial inflammatory response
on a gene expression level support other data describing differences in the ability to clear
inflammation between resistant and susceptible mares after bacterial challenge
(Troedsson & Liu 1991, Troedsson et al. 1993b, LeBlanc et al. 1994). Although the
clinical signs differentiating resistant and susceptible mares are observed several days
after insemination, to better define the pathogenesis of PBIE it is important to understand
on a molecular level the timing of the uterine immune response of the resistant mare
compared to the susceptible mare. These data suggest that around 6 hours after
insemination is a critical time in developing susceptibility, as this time point was both the
peak of expression observed for many of the cytokines, and the time point at which
susceptible and resistant mares differed in their mRNA expression of IL6, IL10, and
IL1RA. Furthermore, a failure to resolve breeding induced inflammation in a timely
fashion may be due in part to a failure to mobilize inflammatory (both pro- and antiinflammatory) cytokines during the early inflammatory period, which could contribute to
a delayed resolution of inflammation in susceptible mares.

3.6 Conclusion
In conclusion, the results from this study suggest that 6 hours after insemination
with spermatozoa is a critical time to set up the mechanism for uterine response and
clearance. It is possible that the altered local cytokine response observed in susceptible
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mares could lead to increased inflammation and inflammatory byproducts (such as nitric
oxide), which in turn could lead to an impaired ability to clear inflammation, as the
cytokine response to inflammation is the first step in recognition and removal of foreign
material. With an increased understanding of the cytokine pathways shortly after
breeding, research can continue in elucidating the mechanisms in later stages of
inflammation, and eventually, treatment strategies can be improved upon.
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CHAPTER 4

The effect of immune modulation on endometrial cytokine expression in mares
susceptible to persistent breeding induced endometritis.

Woodward, E.M.1, Christoffersen, M. 2, Horohov, D. 1, Squires, E.L. 1, Troedsson,
M.H.T. 1
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4.1 Summary
Transient uterine inflammation after breeding is a physiological process necessary
for clearance of bacteria and excess spermatozoa. In a subpopulation of mares, the
inflammation fails to resolve in a timely fashion, resulting in a persistent breeding
induced endometritis (PBIE) that is detrimental to the conceptus. Previous research has
shown that 6 hours after breeding is a critical time in the alteration of the uterine innate
immune system of mares susceptible to PBIE. The specific aim of this experiment was to
evaluate the effects of immune modulation with dexamethasone and mycobacterial cell
wall extract (MCWE) on endometrial mRNA expression of inflammatory genes in
susceptible mares 6 hours after breeding. We hypothesized that these treatments will alter
cytokine expression when compared to non-treated susceptible mares. Six mares were
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classified as susceptible to PBIE based on their inflammatory response to insemination
with dead spermatozoa (intrauterine fluid accumulation, uterine culture, and cytology).
After selection for the study, mares were inseminated during 3 consecutive estrus cycles
with 1 × 109 killed spermatozoa and one of the following treatments: 1) alone (control),
or in combination with 2) dexamethasone (50 mg iv) at the time of insemination, or 3)
with MCWE (Settle™, 1.5 mg iv) administered 24 hours prior to insemination. All mares
received one treatment per cycle in randomized order, and each mare served as her own
control. Endometrial biopsies were collected 6 hours after breeding, and qPCR analysis
for IL1β, IL6, IL8, IFNγ, TNFα, TLR2, TLR4, IL10, and IL1RA was performed using βactin as a reference gene. Relative quantification values reported fold changes in mRNA
expression from the control. Data were analyzed using an ANOVA and significance was
set at P < 0.05. Expression of IL1β mRNA was lower after treatment with dexamethasone
(P < 0.001) and MCWE (P = 0.046) when compared to control. No differences were
detected in the mRNA expression of IL1RA, IL6, TLR2, and TLR4 after any of the
treatments. In conclusion, treatment with immune modulators alters mRNA expression of
pro-inflammatory IL1 in the uterus after insemination, which may alter the course of
uterine inflammation.
4.2 Introduction
Uterine inflammation in response to breeding is a normal physiological reaction
that must be cleared well within 5 days after ovulation, at which time the conceptus
migrates into the uterus (Oguri & Tsutsumi 1972, Betteridge et al. 1982, Troedsson
1999). Persistent breeding induced endometritis (PBIE) can interfere with pregnancy
(Troedsson et al. 1995b) and is a major cause of infertility in mares. Mares have been
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classified as susceptible to PBIE based on reproductive history, fluid retention after
breeding (Brinsko et al. 2003), failure to clear a bacterial and sperm challenge
(Troedsson et al. 1993a, Troedsson et al. 1993b, Alghamdi et al. 2005b, Woodward et al.
2011a, Christoffersen et al. 2012), and endometrial pathology (Troedsson et al. 1993a,
Woodward et al. 2011b).
Cytokines are involved with the initiation of the inflammatory response (Kuby
1992, Parham 2005), and have recently been the focus of research on PBIE. In one study,
an increase in mRNA levels of pro-inflammatory cytokines interleukin (IL)1, IL6, and
tumor necrosis factor alpha (TNFα) was detected in all mares 24 hours after
insemination, but susceptible mares had higher basal levels of the cytokines than resistant
mares (Fumuso et al. 2003b). The same researchers subsequently found increased mRNA
expression of IL8 and lower expression of the inflammatory modulating cytokine IL10 in
susceptible mares compared to resistant mares 24 hours after insemination (Fumuso et al.
2006, Fumuso et al. 2007). However, other authors were unable to find a significant IL8
response to insemination in reproductively normal pony mares 24 hours after
insemination (Nash et al. 2008, Nash et al. 2010).
In another study, the inflammatory cytokine response to spermatozoa at 2, 6, 12
and 24 hours after insemination was investigated (Woodward et al. 2011a). Susceptible
mares had lower expression of the inflammatory modulating cytokines IL10 and IL1
receptor antagonist (IL1RA), and the pro-inflammatory cytokine IL6 (which can act as an
inflammatory modulator in the initial stages of inflammation (Tilg et al. 1994) when
compared to resistant mares 6 hours after insemination. This indicates that 6 hours after
insemination is a critical time for the development PBIE, as inflammatory cytokine
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mRNA expression differed between susceptible and resistant mares during this time
(Woodward et al. 2011a).
Currently, there are a variety of treatment strategies available for correcting PBIE,
including administration of ecobolics, uterine lavage, antibiotics, and mucolytics. These
treatments are often used in combination, with variations in dose, frequency, duration of
treatment, and administration route (Combs et al. 1996, Watson 2000, Bliss & Campbell
2002, Hurtgen 2006, Liu & Troedsson 2008, LeBlanc 2010). The use of immune
modulators to treat problem mares has also been proposed as an effective treatment
strategy. Pregnancy rates were improved in mares with a history of fluid retention after
breeding when treated with 5 doses of predinisolone acetate (Dell' Aqua et al. 2006).
Furthermore, oral administration of 200 mg of dexamethasone twice daily for 5 days
before breeding improved pregnancy rates in sub-fertile mares (Morris & Eden 2008).
When condensing treatments into one dose, Bucca et al. (2008) saw a reduction in
clinical signs of PBIE with iv administration of dexamethasone at the time of breeding,
and concluded that a single dose of 50 mg dexamethasone is both safe and effective for
the treatment of PBIE in mares with at least 3 risk factors for the condition (Bucca et al.
2008).
Mycobacterial cell wall extract (MCWE) has been used to stimulate the immune
response to treat cancer (Filion & Phillips 2001, Yuksel et al. 2011), respiratory disease,
and as a vaccine adjuvant (Berinstein et al. 1991). Several studies investigated the effects
of MCWE on reproductive function in mares, and found that MCWE decreased the
number of mares with endometritis after challenge with Streptococcus zooepidemicus
(Rogan et al. 2007), and that pregnancy rates were increased in mares bred during their
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foal heat cycle (Fumuso et al. 2003a). In addition, MCWE was shown to decrease levels
of pro-inflammatory cytokines in susceptible mares towards levels of resistant mares 24
hours after breeding (Fumuso et al. 2003b, Fumuso et al. 2007).
Although the efficacy of immune modulators for the treatment of PBIE has been
investigated, data on the mechanism of action for these drugs is sparse. The specific aim
of this experiment was to evaluate the effects of dexamethasone and MCWE on the
expression of inflammatory cytokine mRNA in mares susceptible to PBIE at 6 hours after
insemination, with a hypothesis that these treatments will alter cytokine expression when
compared to non-treated susceptible mares.

4.3 Materials and Methods
4.3.1 Animals
Mares of mixed breeds, age (15-26 years), and breeding history were kept on
pasture supplemented with grain and hay, and were provided with water and salt adlibitum. Semen was provided by 3 stallions with similar housing conditions to that of the
mares. The experiment was approved by the University of Kentucky’s IACUC (protocol
numbers 2009-0455 and 2009-0602).

4.3.2 Preparation of sperm for insemination
Freeze-killed spermatozoa were prepared by removing the seminal plasma from
ejaculates using centrifugation, resuspending the spermatozoa pellet in milk based
extender in aliquots of 1×109 spermatozoa in 30 mL of milk based semen extender (Equi-
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Pro; Minitube, Verona, WI), followed by at least 2 freeze (−20°C)/thaw (room
temperature) cycles of the aliquots.

4.3.3 General experimental procedure
Mares were examined for susceptibility to PBIE based on endometrial histology
and the results of a spermatozoa challenge. Endometrial biopsies (approximately 300 mg
of tissue) were acquired during diestrus using an alligator jaw biopsy instrument, fixed in
10% formalin, sectioned at 5 μm and stained with hematoxylin and eosin. Each biopsy
was examined for periglandular fibrosis, inflammatory cells, glandular distribution and
lymphatic lacunae, then graded according to Kenney and Doig (Kenney & Doig 1986).
Mares with scores of IIB or III were considered as potentially susceptible to PBIE
(Troedsson et al. 1993a). After selection as potentially susceptible to PBIE, the
reproductive tracts of the mares were observed regularly using transrectal
ultrasonography, and were inseminated with freeze-killed spermatozoa (prepared as
described above) during estrus in the presence of uterine edema, a relaxed cervix, and at
least 1 follicle 35 mm or larger in diameter in the absence of a corpus luteum. Prior to
inseminations, mares were evaluated for the presence of intrauterine inflammatory cells
using a cytobrush (Minitube) or low volume lavage to obtain samples, and for
intrauterine bacteria using a double-guarded swab (Minitube) to obtain samples.
Inflammation was defined as more than 2 neutrophils per 5 fields at ×400 magnification.
Only mares with negative cytology and culture prior to insemination were considered for
the experiment; if mares were positive for cytology or culture at the time of insemination,
they were treated and insemination was attempted again during the following cycle.
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Potentially susceptible mares were evaluated 96 hours after insemination and
were confirmed as susceptible if they had 1) positive cytology with either positive or
negative culture, and 2) uterine fluid retention (Troedsson & Liu 1991, Alghamdi et al.
2005b). All mares not meeting the criteria for classification as susceptible were excluded
from the study. A total of 6 susceptible mares (age 15-24 years) were identified and used
for the experiment.

4.3.4 Treatments
Estrus was induced through administration of prostaglandin, (Lutalyse®, 7.5mg,
Pfizer) over 3 subsequent cycles. Once estrus was detected, mares were evaluated for
endometrial cytological and bacterial findings. Mares with negative cytology and uterine
culture results were administered with one of the following treatments: 1) insemination
with freeze-killed spermatozoa, 2) 50 mg dexamethasone iv and insemination with
freeze-killed spermatozoa, and 3) 1.5 mg MCWE (Settle™, Bioniche, 1.5 mg) iv when a
follicle ≥ 30 mm and uterine edema was present, and insemination with freeze-killed
spermatozoa 24 hours after treatment. All mares received each treatment in randomized
order.

4.3.5 Sample collection: endometrial tissue
Endometrial biopsies were collected 6 hours after breeding, and stored in
RNAlater® (Applied Biosystems, Carlsbad, CA) overnight at 4°C, then moved to −20°C
for storage until further processing.
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4.3.6 qPCR analysis
Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA),
precipitated using sodium acetate and isopropanol, resuspended in ddH2O and DNAse
treated with a commercially available kit (DNA-free™, Applied Biosystems), then
analyzed for quality and quantity using a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE). 1.5 µg of RNA in 41.5 µL ddH2O was reverse transcribed
in a reaction using AMV Reverse Transcriptase (0.5 µL;10 u/μL), 5×RT Buffer (16 µL),
RNAsin (1 µL; 40 u/μL), MgCl (16 µL; 25 mM), dNTP (4 µL;10 mM), and Oligo(dT)
Primer (1 µL; 500 µg/mL) (all reagents from Promega, Madison, WI). Samples were
incubated at 42°C for 60 minutes, then 95°C for 5 minutes. cDNA was diluted 1:1 with
ddH2O, and qPCR for each sample was performed using 4.5 µL of cDNA, 5 µL of
Sensimix™ II (Bioline, Tauton, MA), and 0.5 µL of custom a primer/probe set (Applied
Biosystems) (Table 4.1). Reactions were performed in duplicate using the 7900HT Fast
Real-Time PCR System (Applied Biosystems), and were incubated at 95°C for
10 minutes, followed by 45 cycles of 95°C for 15 seconds and 60°C for 60 seconds. PCR
efficiencies were calculated using LinRegPCR (version 7.0). Results are expressed as
mean relative quantification values (RQ) which were calculated using the 2-ΔΔCT method
(Livak & Schmittgen 2001), with the calibrator as the mean cycle threshold (ΔCT) value
of the control samples.
qPCR data were analyzed using SigmaStat© (Systat Software, Inc.) with a one
way repeated measures ANOVA. Prior to analysis, data were log10 transformed for
normal distribution when needed, and Kruskal-Wallis one way ANOVA on Ranks was
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used for data that was not normally distributed after transformation. Outliers were
defined as ± 2 SD from the mean and were removed from statistical analyses (4 of 123
total data points; 3.2%). Comparisons were made between treatments for the susceptible
mares, and significance was set to P < 0.05.

Table 4.1: Primer probe set sequences for the detection of equine mRNA. Primer probe
sets were designed using Assays-By-Design (Applied Biosystems) and TaqMan®
Custom Gene Expression Assay for TLR2 and TLR4 (Applied Biosystems).

Cytokine

Forward primer
sequence

Reverse primer sequence

Probe sequence

EqβACTIN

CGCAAAGCAATAAGT GCCTCGAAACGGATTCT CTTCCTCAGGTTA
GAACTCATCAA
GACT
GCTTTG
CCCAAACTCTCCAAG CAGAGGTTTGAGTTCTT ATGCCCAAGAAG
EqIL1β
ATTCTCACAT
CTTCTAGACA
GCCAC
TGACTGTAGCGGATG GCCCTGCAGATTTCCTTT CTGGCCCGAAGA
EqIL6
CCTTTG
CCAT
AC
ATGCCCCAGGCTGAG CGGAGGGTCTTCAGCTT CCAGACATCAAG
EqIL10
AAC
TTCC
GAGCACG
AGTTGCTGGATACTT GAGTCCCAGGAATAGAG CATCTATCTTCTC
EqIL1RA
GCAAGAATCA
CATCAG
TTGTAATTTA
AGCAGCACCAGCAAG TTTGCGCTGGACCTTCA ATTGAGATTCCG
EqINFγ
CT
GA
GTAAATG
EqTLR2

Ec03818334_s1

EqTLR4

Ec03468994_m1

4.4 Results
Of 15 mares screened for susceptibility, 7 were identified as susceptible and used
for this study. One mare was euthanized for non-related reasons during the study. One
mare developed a bacterial infection that required treatment, causing a one cycle break
between treatment cycles. None of the mares showed adverse reactions to the treatments.
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Expression of IL1β was lower after treatment with dexamethasone (P < 0.001) and
MCWE (P = 0.04) when compared to control (Figure 4.1). There tended to be an overall
effect of treatment on IFNγ mRNA expression, but this reduction was not significant (P =
0.079) (Figure 4.2). No differences were detected in the mRNA expression of toll-like
receptor (TLR)2, TLR4, IL1RA, IL6, and IL10 with either treatment (Fig. 4.3-4.7).

Figures 4.1-4.7: Endometrial mRNA expression of inflammatory genes in susceptible
mares 6 hours after breeding with dexamethasone or MCWE. Treatments are compared
to untreated susceptible mares 6 hours after breeding. Differing letters represent a
significant difference in mRNA expression in treatment versus controls (P < 0.05).
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4.5 Discussion
The inflammatory response is a complex process involving many signaling
cascades leading to the resolution of inflammation, and cytokines have a significant role
in the recognition of pathogens and recruitment of inflammatory cells (Kuby 1992,
Parham 2005). Cytokine signaling and the innate immune response during inflammation
are well documented in other species and organ systems, however there are fewer studies
focusing on these inflammatory pathways in the mare reproductive tract. The innate
immune response is non-specific to antigen; however, specificities do exist for
recognizing similar pathogen associated molecular patterns (PAMPs) (Aderem &
Ulevitch 2000). Gram negative bacteria are recognized by TLR4, and the response to
gram positive bacteria and mycobacterium has been reported to be initiated by TLR2
(Takeuchi et al. 1999, Aderem & Ulevitch 2000, Kannaki et al. 2011). Once the PAMPs
are recognized, IL1 and IFNγ transcription are initiated, and their subsequent release
leads to downstream release of inflammatory signals such as other inflammatory
cytokines, leading to the activation and recruitment of inflammatory cells (such as
PMNs) to the inflamed area. The results from this study did not detect an effect of
MCWE on TLR2, which may suggest that the MCWE did not migrate to the
endometrium, or that an upregulation of TLR2 due to MCWE occurred at a different time
point than the 6 hour time point investigated. To the author’s knowledge, it is unknown
whether spermatozoa trigger activation of TLR2 and TLR4.
Four data points were removed as outliers for this experiment, and all four points
came from the same mare. When looking at the IFNγ mRNA expression, the RQ value of
the control sample from that mare was much higher than the other samples in that group,
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leading to a greater SEM for the control samples. However, the data point was within the
range of inclusion as defined by the study, and therefore was included in the data for
IFNγ. When including the data point, the data were not normally distributed (even after
data transformations) and were analyzed non-parametrically, to yield a P value of 0.079
for the effect of treatment. If the data point were excluded from the data (due to the fact
that the mare was the sole outlier in the study), the data would be normally distributed,
and dexamethasone would decrease mRNA expression (P = 0.02).
Immune stimulators (such as MCWE) act to prime the immune system. One type
of MCWE, Bacillus Calmette-Guérin (BCG) derived from Mycobacterium bovis is used
as a treatment for bladder cancer (Bohle 2000). BCG induced production of proinflammatory cytokines IL1, IL2, and TNF in the urine of patients treated for bladder
cancer, with a peak of production 4-8 hours after treatment. By 24 hours, cytokine
production returned to baseline levels (Bohle et al. 1990). The level of IL1β mRNA in
the present study was decreased, not elevated, after treatment with MCWE. It is probable
that levels returned to baseline 24 hours after treatment with MCWE, then continued to
drop. Uterine samples were collected 6 hours after breeding, which was actually 30 hours
after treatment with MCWE. Additionally, IL1β may have been decreased due to the
MCWE priming the local immune response, thereby altering the cytokine response after
the breeding challenge. Finally, a decrease in IL1β could lead to a decreased
inflammatory response and a normal resolution of inflammation.
To mediate the inflammatory response, modulating cytokines are released, such as
IL10 and IL1RA (Dinarello 1991, Duell et al. 2012). Corticosteroids act to supress the
response of pro-inflammatory cytokines, chemokines, and other proteins associated with
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inflammation such as iNOS, COX2, and adhesion molecules. In addition, corticosteroids
upregulate transcription of immunomodulating cytokines such as IL10 and IL1RA
(Barnes 1998). Although no effect of dexamethasone was observed on the inflammatory
modulating cytokines in this study, IL1β mRNA expression was decreased after
administration of dexamethasone. This is in agreement with another study that found that
dexamethasone decreased IL1β mRNA expression in susceptible mares with
experimentally induced bacterial endometritis (Christoffersen et al. 2012).
The suppression of IL1β after both treatments resembles the inflammatory
modulating patterns observed in resistant mares after breeding. A previous study found
that susceptible mares have a decreased production of the inflammatory modulating
cytokines IL10, IL1RA, and IL6 when compared to resistant mares 6 hours after breeding
(Woodward et al. 2011a). In this study, treatment had no effect on the immune
modulating cytokines 6 hours after breeding, but did have a suppressive effect on proinflammatory cytokine response, possibly through a different pathway than via activating
the immunomodulating cytokines. Interestingly, when investigating mRNA expression of
these cytokines 3 hours after bacterial-induced endometritis in susceptible mares,
expression of IL6 and IL10 was higher after treatment with dexamethasone when
compared to untreated controls (Christoffersen et al. 2012). It is possible that these
cytokines would have been differentially expressed in this study 3 hours after breeding,
which may have led to the decrease in IL1β observed 6 hours after breeding.
Under the conditions of this study, an effect of treatment for many of the
cytokines was not detected; however, the statistical power was low. An increased number
of animals would improve the experimental power, reducing the chance of a Type 1
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statistical error and yielding more insight into the effects of treatments in this group of
mares. While the addition of several more mares in each group would have increased
statistical power, it was feasibly not possible to do for this study.

4.6 Conclusion
In conclusion, the inflammatory cascades of inflammatory signals are complex
and intertwined, with many points for regulation throughout. Treatment with immune
modulation therapy has proven effective clinically in other studies; yet a complete
understanding of the mechanisms behind these treatments remains a question. The results
from this study show that these treatments may act to change the inflammatory cascade
early on in the inflammatory process, especially with the IL1β pathways. Continued
investigation into the mechanisms of these treatments will yield valuable information so
that treatments can be improved in time, dosage, and frequency.
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Chapter 5
An investigation of uterine nitric oxide production in mares susceptible and
resistant to persistent breeding induced endometritis, and the effects of
immunomodulation.
Woodward, E.M.1, Christoffersen, M.2, Campos, J.1, Horohov, D.W.1, Scoggin, K.E.1,
Squires, E.1, Troedsson, M.H.T1.
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5.1 Summary

Transient uterine inflammation after breeding is a physiological process necessary
for clearance of bacteria and excess spermatozoa. In a subpopulation of mares, the
inflammation fails to resolve in a timely fashion, resulting in a uterine environment that is
detrimental to the conceptus. Nitric oxide (NO) is a potent smooth muscle relaxer
involved in the inflammatory process, and has been implicated in reproductive
pathologies in several species. The first objective of this study was to evaluate the
presence of intrauterine NO and endometrial iNOS in mares susceptible or resistant to
persistent breeding induced endometritis (PBIE) during the first 24 hours after breeding.
Twelve mares were classified as susceptible (n = 6) or resistant (n = 6) to PBIE based on
their clinical response to insemination with dead spermatozoa (intrauterine fluid
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accumulation, uterine culture and cytology). All mares were inseminated over 5 estrous
cycles and uterine secretions and endometrial biopsies were collected at one time point
per cycle in randomized order before (0), and 2, 6, 12, and 24 hours after insemination.
Uterine secretions were analyzed for nitric oxide (NO) production, and the presence of
iNOS in the endometrial tissue was assessed using immunohistochemistry (IHC) and
qPCR. Comparisons were made at each time point within treatments and between groups.
Data were analyzed using two-way repeated measures ANOVA and significance was set
at P < 0.05. A second experiment evaluated the effect of treatment with dexamethasone
or mycobacterial cell wall extract (MCWE) on intrauterine NO production and
endometrial iNOS mRNA expression. Six susceptible mares were inseminated over 3
estrous cycles with (1) killed spermatozoa without treatment (control), (2) killed
spermatozoa with 50 mg dexamethasone iv at the time of breeding, or (3) MCWE iv 24
hours prior to insemination with killed spermatozoa. Six resistant mares were bred with
killed spermatozoa as a control. Six hours after breeding, uterine biopsies and secretions
were collected and processed as for Experiment 1. In Experiment 1, resistant mares had
an increase of iNOS mRNA expression at 2 hours post breeding when compared to
baseline (P = 0.045), 12 hours (P = 0.014), and 24 hours (P = 0.001). Susceptible mares
had higher mRNA expression at 2 hours when compared to 6 hours (P = 0.046). No
differences were observed in mRNA or protein expression of iNOS between resistant and
susceptible mares at any time point. Resistant mares had a relatively steady amount of
total intrauterine NO over the course of 24 hours, while susceptible mares had an increase
over time, with a significantly higher increase in total NO than resistant mares at 6 (P =
0.04) and 12 hours (P = 0.032). In Experiment 2, no differences were observed for iNOS
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mRNA expression after treatments. Susceptible mares had an increased production of
intrauterine NO when compared to resistant mares (P = 0.008), and intrauterine NO was
decreased after treatment with MCWE (P = 0.047). In conclusion, intrauterine NO is
increased in mares susceptible to PBIE, and treatment with the immune modulator
MCWE reduces total intrauterine NO production.

5.2 Introduction
A local inflammatory response is a physiological event after breeding, which aids
to clear excess semen, bacteria, and debris from the reproductive tract (Troedsson 2006).
In reproductively sound mares, the inflammation subsides within 48 hours, however a
subset of mares fails to clear the inflammation. It has been suggested that PBIE is caused
in part by impaired myometrial activity, resulting in delayed uterine clearance.
Efficient uterine expulsion of fluid and debris involves contractions of the
myometrium (Hirsbrunner et al. 2006, Hirsbrunner et al. 2010). After bacterial challenge,
both susceptible and resistant mares had an increase in myoelectrical activity. However,
the increase in the susceptible mares was delayed by 2 hours, and while susceptible mares
were able to reach the same level of activity as the resistant mares, they had a sharp
decline in activity 6 hours post challenge and dropping below baseline levels 12 hours
post challenge, indicating myometrial relaxation (Troedsson et al. 1993b). Failure of
uterine clearance was further investigated in 1994 using scintigraphy when researchers
observed that susceptible mares retained more radiocolloid 2 hours after insemination
than resistant mares (LeBlanc et al. 1994). It was concluded that myometrial contractility
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defects may be a major culprit in the pathogenesis of PBIE, and researchers began to
investigate factors influencing the functionality of the myometrium.
Nitric oxide (NO) is a potent cell signaling molecule and known smooth muscle
relaxer occurring in many body systems in both physiological and pathological states
(Hou et al. 1999, Tripathi 2007, Angulo et al. 2010, Eleftheriadis et al. 2010, Gupta et al.
2010, Zanetti et al. 2010). During inflammation, inflammatory signals such as interleukin
(IL)1 and interferon gamma (IFNγ) trigger a cascade of events that lead to the initiation
of inducible nitric oxide synthase (iNOS), which produces large amounts of NO (Rosselli
et al. 1998, Saxena et al. 2000, Tripathi 2007, Li et al. 2010). The increased NO aids in
the removal of pathogens, but can also be cytotoxic (Macmicking et al. 1997, Tripathi
2007). Another effect of NO is smooth muscle relaxation. Myometrial tissue in vitro was
unable to respond to electrical stimulus in the presence of NO (Liu et al. 1997). An in
vivo study found that mares susceptible to PBIE have increased iNOS activity and NO
production when compared to resistant mares 13 hours after insemination (Alghamdi et
al. 2005b). The authors suggested that contractility deficiencies in susceptible mares
(Troedsson et al. 1993b) may be associated with increased NO production (Alghamdi et
al. 2005b).
The first objective of this study was to evaluate NO production and iNOS
expression at several time points within the first 24 hours after challenge with killed
spermatozoa. The hypotheses were that (1) intrauterine NO production and iNOS
expression change in mares at varying time points within 24 hours after insemination, and
(2) that mares susceptible to PBIE have different levels of intrauterine NO and
endometrial iNOS than mares resistant to PBIE within the first 24 hours of breeding. In
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addition, the second objective was to determine the effects of immune modulators on
intrauterine NO production and iNOS mRNA expression in vivo.

5.3 Materials and Methods
5.3.1 Animals
Mares of mixed breeds, age, and breeding history were kept on pasture
supplemented with grain and hay, and were provided with water and salt ad-libitum.
Semen was collected from 3 stallions with similar housing conditions to that of the
mares. The experiment was approved by the University of Kentucky’s IACUC (protocol
numbers 2009-0455 and 2009-0602).

5.3.2 Preparation of sperm for insemination
Freeze-killed spermatozoa were prepared by removing the seminal plasma from
ejaculates using centrifugation, resuspending the spermatozoa pellet in milk based
extender (EquiPro®, Minitube, Verona, WI) in aliquots of 1×109 spermatozoa in 30 mL
of extender, followed by at least 2 freeze (−20°C)/thaw (room temperature) cycles of the
aliquots. This method has previously shown to be an effective method to kill spermatozoa
(unpublished data).

5.3.3 General experimental procedure for the selection of mares
Mares were examined for susceptibility to PBIE based on endometrial histology
and the results of a spermatozoa challenge. Endometrial biopsies (approximately 300 mg
of tissue) were obtained during diestrus using an alligator jaw biopsy instrument, fixed in

76

10% formalin, sectioned at 5 μm and stained with hematoxylin and eosin. Each biopsy
was examined for periglandular fibrosis, inflammatory cells, glandular distribution and
lymphatic lacunae, then graded according to Kenney and Doig (Kenney & Doig 1986).
Mares with scores of I or IIA were considered potentially resistant to PBIE, while those
with scores of IIB or III were potentially susceptible to PBIE (Troedsson et al. 1993a).
After selection as potentially resistant or susceptible to PBIE, the mares’
reproductive tracts were observed regularly for signs of estrus and pending ovulation
using transrectal ultrasonography. Estrus was defined by the presence of uterine edema, a
relaxed cervix, and at least one follicle 35 mm or larger in diameter in the absence of a
corpus luteum. Once estrus was detected, mares were evaluated for the presence of
intrauterine inflammatory cells using a cytobrush (Minitube) or low volume lavage to
obtain samples, and for intrauterine bacteria using a double-guarded swab (Minitube) to
obtain samples, and then were inseminated with freeze-killed spermatozoa (prepared as
above). For the cytological evaluations, inflammation was defined as more than 2
neutrophils per 5 fields at ×400 magnification. Swab samples were incubated at 37°C for
24 hours and evaluated for growth. Mares were challenged with an intrauterine
inoculation of 1×109 freeze-killed stallion spermatozoa (prepared as above). Only mares
with negative cytology and no bacterial growth prior to insemination were considered for
the experiment.
Potentially susceptible mares were evaluated 96 hours after insemination and
were confirmed as a susceptible mare if they had 1) positive cytology, and 2) uterine fluid
retention. Potentially resistant mares were assessed 48 hours after breeding, and those
with 1) negative cytology and culture in addition to 2) no uterine fluid retention were
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confirmed as resistant mares (Troedsson & Liu 1991, Alghamdi et al. 2005b). All mares
not meeting the criteria for classification as susceptible or resistant were excluded from
the experiments.

5.3.4 Experiment 1
Six resistant (aged 5-15 years) and 6 susceptible (aged 10-27 years) were used for
this experiment. Over 5 subsequent cycles, estrus was induced through administration of
prostaglandin, (Lutalyse®, 7.5mg, Pfizer, New York, NY). Once estrus was detected,
mares were evaluated for cytological and bacterial findings, and then inseminated with
1×109 dead spermatozoa (as described above). Only estrous cycles with negative cytology
and culture were used for the experiment; if mares were positive for cytology or culture
at the time of insemination, they were treated and insemination attempted again during
the subsequent cycle. Samples were collected after insemination at one time point per
cycle in randomized order. Time points were: 0 (before insemination), 2, 6, 12, and 24
hours after insemination.

5.3.5 Experiment 2
Six susceptible mares (15-24 years) and 6 resistant mares (3-16 years) were
identified and used for the experiment. Over 3 subsequent cycles, estrus was induced in
the susceptible mares through administration of prostaglandin, (Lutalyse®, 7.5mg,
Pfizer). Once estrus was detected with an ovarian follicle of 35 mm in size or larger,
mares were administered one of the following treatments: 1) killed spermatozoa in
extender (prepared as described above) 2) 50 mg dexamethasone iv and insemination
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with killed spermatozoa (prepared as described above) and 3) 1.5 mg MCWE (Settle™,
Bioniche, Bogart, GA) iv when a follicle ≥ 30 mm and uterine edema was present, and
insemination with killed spermatozoa (prepared as described above) 24 hours after
treatment. Uterine tissue and secretions were collected 6 hours after treatments.
Treatment schedules for the susceptible mares were randomized, and only estrous cycles
with negative cytology and culture were used for the experiment. For the resistant mares,
once estrus was detected with a follicle 35 mm or larger, mares evaluated for cytological
and bacterial findings, and then inseminated with 1×109 dead spermatozoa (as described
above). Uterine tissue and secretions were collected 6 hours after insemination. As with
the susceptible mares, only estrous cycles with negative cytology and culture were used
for the experiment; if mares were positive for cytology or culture at the time of
insemination, they were treated and insemination was attempted again during the
following cycle.

5.3.6 Sample collections for Experiments 1 and 2: uterine secretions
To collect uterine secretions, a sterile tampon was inserted manually into the
uterus as previously described (Alghamdi et al. 2005b). Briefly, a sterile cotton tampon
was manually inserted into the uterus with a gloved hand, and then the uterus was
massaged via rectal palpation intermittently for 5 minutes. Using a sterile speculum, the
tampon was removed into the speculum and then out of the mare to avoid contamination
with vaginal fluids. To collect remaining secretions, the uterus was lavaged with 250 mL
of Lactated Ringer’s solution after tampon removal. The tampons and uterine lavage
samples were centrifuged at 1000 × g for 10 minutes, and the supernatants were stored at
-20°C until further processing.
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5.3.7 Sample collections for Experiments 1 and 2: endometrial tissue
Two uterine biopsies were collected; one was fixed in 10% formalin for
immunohistochemistry (Experiment 1 only), and the other was either flash frozen in
liquid nitrogen and stored at −80°C until further processing, or stored in RNAlater®
(Applied Biosystems, Carlsbad, CA) overnight at 4°C, then moved to −20°C for storage
until further processing (Experiments 1 and 2).

5.3.8 Determination of intrauterine nitric oxide
To determine the amount of intrauterine nitric oxide, total uterine fluid (V1) was
calculated using the equation C1V1 = C2V2. Protein concentrations were measured in the
uterine secretions and lavage samples with a BCA Protein Assay® kit (Thermo
Scientific, Kalamazoo, MI) in the uterine secretions collected with the tampon (C1) and
the uterine lavage samples (C2). Total uterine fluid (V1) was determined with the protein
concentrations from the uterine samples, and V2 was calculated after taking into
consideration the addition of the 250 mL of Lactated Ringers into the uterus (250 + V1).
Once initial intrauterine fluid volume was determined, a commercially available NO
assay (Bioxtech® Nitric Oxide Assay, OxisResearch™, Portland, OR) was used to
determine the total amount of NO in the uterine secretions from the tampons. The kit
works by measuring the stable metabolites nitrate and nitrite (which are produced as NO
is degraded). Nitrate was converted to nitrite by nitrate reductase, and total nitrite was
measured and compared to known concentrations on a standard curve. Samples were run
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in duplicate in 96 well plates, and using a spectrophotometer (Benchmark Plus
Microplate Reader™, Bio-Rad, Hercules, CA) were read at an absorbency of 540 nm.
NO concentrations were calculated against a standard curve, and then multiplied by the
total initial volume of uterine secretions (V1) to determine total intrauterine amount of
NO. Percentage change in NO from 0 hours was compared at each time point with
pairwise comparisons with SigmaStat© (Systat Software, Inc.). Outliers were defined as
± 2 SD from the mean and removed (2 of 50 data points, 4%) from statistical analyses.

5.3.9 Immunohistochemistry
Tissue from Experiment 1 were fixed in formalin, embedded in paraffin, and were
then used for immunohistochemistry. Slides were sectioned at 5 uM and stained with an
anti-human monoclonal antibody for iNOS raised in mouse (1:25 dilution, R and D
Systems, Minneapolis, MN). Slides were processed with the Leica BOND-MAX™
system (Leica Microsystems, Buffalo Grove, IL). Negative controls were prepared in the
absence of primary antibody, and positive controls were prepared using mouse
recombinant iNOS (Western Blot) and lung, liver, and small intestinal tissue from a sick
foal infected with Lawsonia intracellularis. Slides were observed at ×400 magnification
and 3 representative fields from each slide were used for staining analysis. Images were
analyzed using ImmunoRatio© (Jorma Isola and Vilppu Tuominen, Institute of
Biomedical Technology, University of Tampere, Finland) a software program that
calculates the percentage of diaminobenzidine (DAB) stained cells from total cells
(Tuominen et al. 2010). Each field was analyzed with the program and the percentage
staining of DAB was averaged from the 3 slides from each sample. Data were analyzed
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using SigmaStat© (Systat Software, Inc.) with two-way repeated measures ANOVA
tests. Data were log10 transformed for normal distribution, and outliers were defined as ±
2 SD from the mean and were removed from statistical analyses (4 of 58 data points;
6.8%). Missing data points were automatically calculated by the software using a general
linear model (Sigma Stat User Guide, p. 379). Comparisons were made between groups
at each time point, and between time points within groups. Significance was set to P <
0.05.

5.3.10 qPCR analysis
Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA,
USA), precipitated using sodium acetate and isopropanol, resuspended in ddH2O and
DNAse treated with a commercially available kit (DNA-free™, Applied Biosystems,
Carlsbad, CA), then analyzed for quality and quantity using a NanoDrop®
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 1.5 µg of RNA in 41.5
µL ddH2O was reverse transcribed in a reaction using AMV Reverse Transcriptase (0.5
µL;10 U/μL), 5× RT Buffer (16 µL), RNAsin® (1 µL; 40 U/μL), MgCl (16 µL; 25 mM),
dNTP (4 µL;10 mM), and Oligo(dT) Primer (1 µL; 500 µg/mL) (all reagents from
Promega, Madison, WI, USA). Samples were incubated at 42°C for 60 minutes, then
95°C for 5 minutes. cDNA was diluted 1:1 with ddH2O, and qPCR for each sample was
performed using 4.5 µL of cDNA, 5 µL of Sensimix™ II (Bioline, Tauton, MA, USA),
and 0.5 µL of a custom dual hydrolysis primer/probe set for iNOS (Applied Biosystems).
Reactions were performed in duplicate, and using the 7900HT Fast Real-Time PCR
System (Applied Biosystems), were incubated at 95°C for 10 minutes, followed by 45
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cycles of 95°C for 15 seconds and 60°C for 60 seconds. PCR efficiencies were calculated
using LinRegPCR (version 7.0). β-actin was used as the reference gene, and results are
expressed as mean relative quantification values (RQ) which were calculated using the 2ΔΔCT

method (Livak & Schmittgen 2001), with the calibrator as the mean cycle threshold

(ΔCT) value of the 0 hour collections from the resistant mares for Experiment 1. For the
comparison between resistant and untreated susceptible mares in Experiment 2, the
calibrator was the mean cycle threshold (ΔCT) value of the resistant mares 6 hours post
breeding. Finally, for comparisons between treatments in Experiment 2, the calibrator
was the mean cycle threshold (ΔCT) value of the untreated susceptible mares 6 hours post
breeding. Data in Experiment 1 were analyzed using SigmaStat© with two-way repeated
measures ANOVA tests. Data were square root transformed for normal distribution, and
outliers were defined as ± 2 SD from the mean and were removed from statistical
analyses (1 of 58 data points removed; 1.7%). Missing data points were automatically
calculated by the software using a general linear model (Sigma Stat User Guide, p. 379).
Comparisons were made between groups at each time point, and between time points
within groups. Significance was set to P < 0.05. In Experiment 2, data were log10
transformed for normal distribution, and outliers were defined as ± 2 SD from the mean
and were removed (1 of 58 data points for the total intrauterine NO production, and no
outliers for the iNOS mRNA expression). Data were analyzed using SigmaStat©, and
comparisons were made between treatments for the susceptible mares using a one way
ANOVA, and between the control samples for resistant and susceptible mares using
pairwise comparisons. Significance was set to P < 0.05.
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5.4 Results
5.4.1 Experiment 1
Resistant mares had an increase of iNOS mRNA expression 2 hours post breeding
when compared to baseline (P = 0.045), 12 (P = 0.014), and 24 hours (P = 0.001) (Figure
5.1). In addition, expression of iNOS mRNA was higher at 6 hours when compared to 24
hours (P = 0.005) in resistant mares. Susceptible mares had significantly higher mRNA
expression 2 hours after breeding when compared to 6 hours (P = 0.046) (Figure 5.1). No
differences were observed in mRNA expression of iNOS between resistant and
susceptible mares at any time point (Figure 5.1). No differences were observed for time
point or group for iNOS protein expression (Figure 5.2). Resistant mares had a relatively
steady amount of total intrauterine NO over the course of 24 hours. However, susceptible
mares had an increase over time, with a significantly higher increase in total NO than
resistant mares at 6 (P = 0.04) and 12 hours (P = 0.032) (Figure 5.3).

5.4.2 Experiment 2
No differences were observed in mRNA expression of iNOS between groups or
treatments (Figure 5.4). Total intrauterine NO was greater in untreated susceptible mares
when compared to resistant mares (P = 0.008) (Figure 5.5). In the susceptible mares,
dexamethasone had no effect on intrauterine NO, although total NO was decreased in the
uterus when treated with MCWE (P = 0.047) (Figure 5.6).
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Figure 5.1: iNOS mRNA expression in resistant and susceptible mares after breeding. RQ
values describe fold changes in each mare compared to the ΔC T value of resistant mares
at 0 hours. Data presented in graphs are the raw RQ values, although data was square root
transformed for statistical analysis. Error bars report standard error of the mean. Differing
letters over the bars within each group represent significant differences (capital letters for
susceptible; lowercase for resistant). Significance set to P < 0.05.
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Figure 5.2: Percentage of positively stained endometrial cells for iNOS protein in
resistant and susceptible mares at different time points after breeding. Significance set to
P < 0.05.
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Figure 5.3: Percentage change in intrauterine NO production over time in resistant and
susceptible mares after breeding. An asterisk (*) denotes significance (P < 0.05)
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Figure 5.4: The effect of immunomodulators on iNOS mRNA expression in susceptible
mares 6 hours post breeding. RQ values describe fold changes in each mare compared to
the ΔCT value of control breedings in the mares. Error bars report standard error of the
mean. Significance set to P < 0.05.
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Figure 5.5: Total intrauterine NO in untreated susceptible and resistant mares 6 hours
after breeding. Error bars report standard error of the mean. Differing letters represent
significant differences. Significance set to P < 0.05.
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Figure 5.6: The effect of immunomodulators on total intrauterine NO in susceptible
mares 6 hours post breeding. Error bars report standard error of the mean. Differing
letters represent significant differences. Significance set to P < 0.05.
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5.5 Discussion
This study investigated the role of NO in PBIE at the transcriptional, translational,
and functional levels. The pattern of iNOS mRNA expression observed in Experiment 1
is similar to those observed in a previous study investigating inflammatory cytokine
mRNA expression, where both pro- and anti-inflammatory cytokines peaked in
expression 2 to 6 hours post challenge (Woodward et al. 2011a). The study observed that
at 6 hours post breeding, resistant mares had an increase in the inflammatory modulating
cytokines, but not the pro-inflammatory cytokines when compared to the susceptible
mares. It was concluded that susceptible mares had a deficiency in the immune
modulatory response. Under the conditions of this study, no differences were detected in
iNOS mRNA or protein expression between susceptible and resistant mares at any time
point (in contrast to previously described findings 13 hours after challenge) (Alghamdi et
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al. 2005b). It is unclear as to why the two studies yielded different results for IHC and
qPCR, however, it should be noted that the earlier study utilized a standard PCR
technique while the current study used qPCR. Additionally, for the IHC analysis,
different antibodies were used for the two studies, although both were validated to detect
iNOS with a Western Blot.
Total intrauterine NO increased over time in the susceptible mares, while in the
resistant mares, levels did not vary significantly in Experiment 1. The results from
Experiment 2 were similar in that susceptible mares had an increased intrauterine NO
production compared to resistant mares. These results support those found by previous
studies that observed an increased intrauterine NO production in susceptible mares 13
hours after breeding (Alghamdi et al. 2005b). From the conclusions made in these
studies, it is evident that the presence of intrauterine NO differs between resistant and
susceptible mares after breeding, however it remains a question as to if NO is a cause or
effect of PBIE and myometrial dysfunction.
There are a variety of approaches for the treatment of PBIE, with variations in
dose, frequency, duration, and administration route (Combs et al. 1996, Watson 2000,
Bliss & Campbell 2002, Hurtgen 2006, Liu & Troedsson 2008, LeBlanc 2010).
Pregnancy rates were improved in mares treated with 5 doses of predinisolone acetate in
mares with a history of fluid retention after breeding (Dell' Aqua et al. 2006). Other
researchers observed a reduction in clinical signs of PBIE in susceptible mares treated
with dexamethasone (Bucca et al. 2008). Dexamethasone acts to reduce IL1 activity,
which (in addition to other pro-inflammatory cytokines) is an inducer of iNOS (Persichini
et al. 2006). While IL1β mRNA expression was shown to be decreased 6 hours after
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breeding in susceptible mares treated with dexamethasone in the experiment from
Chapter 4, the results from Experiment 2 did not show an effect of dexamethasone on
iNOS or NO production. These findings suggest that NO production is affected by
dexamethasone at another time point, or that NO production in PBIE may be regulated by
mechanisms other than IL1 pathway.
Mycobacterium cell wall extract is an immune stimulator used to treat cancer
(Filion & Phillips 2001, Yuksel et al. 2011), respiratory disease, and as a vaccine
adjuvant (Berinstein et al. 1991). In the mare, MCWE decreased the incidence of
endometritis induced with a bacterial challenge (Rogan et al. 2007). In addition, MCWE
was shown to decrease levels of pro-inflammatory cytokines in susceptible mares
towards that of resistant mares 24 hours after breeding (Fumuso et al. 2003b, Fumuso et
al. 2007). In this study, treatment with MCWE reduced total NO production when
compared to non-treated controls. MCWE acts to prime the immune response, and it is
possible that inflammatory signals and cells were initiated earlier with treatment versus
than without treatment. Therefore, after treatment, the uterus was better prepared to
respond to inflammation, leading to a more controlled response to spermatozoa, and less
NO production.
The biological lifetime of NO is affected by cell uptake. NO freely diffuses
through cell membranes, and the closer NO is to cells, the faster it is removed from
solution. If susceptible mares have an increase in intrauterine fluid as a result of
inflammation, then the increased volume in susceptible mares permits for a longer
biological life in the uterus, as NO needs to travel further to reach the cells (Thomas et al.
2001). It is unclear as to whether or not NO is a major cause or an effect of persistent
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endometritis. It is well documented that NO is an inflammatory byproduct, however, as a
smooth muscle relaxant, it is possible that NO buildup could cause myometrial
relaxation, leading to decreased clearance through the lymphatic ducts and cervix. This
may lead to increased concentration and total NO, which may in turn lead to defective
myometrial activity. In conclusion, the NO system plays a part in PIBE, although its role
in the disease is still being understood.
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CHAPTER 6
General Discussion
Persistent breeding-induced endometritis (PBIE) is a costly cause of infertility in
mares, and identifying problem mares prior to the start of the breeding season is critical
for efficiently producing a foal. Factors predisposing mares to persistent endometritis are:
advanced age (Ricketts & Alonso 1991, Carnevale & Ginther 1992, Zent et al. 1998,
Barbacini et al. 2003) multiparity, poor perineal conformation (Hemberg et al. 2005), and
decreased endometrial quality (Troedsson et al. 1993a). The first objective of this project
was to confirm correlations between susceptibility to PIBE with advanced age and
endometrial biopsy score. The results from the experiments in Chapter 2 confirmed that
mares with a poor endometrial biopsy quality or advanced age had a higher incidence of
PBIE than younger mares, or mares with good biopsy scores. In addition, an attempt was
made to classify mares as susceptible or resistant to PBIE, and to compare the status of
the mares from one season to the next. Using strict criteria, mares were grouped as
resistant or susceptible to PBIE, however many mares fell into an intermediate
classification where they qualified as neither susceptible nor resistant. Furthermore,
mares’ classification changed from year to year, with most mares moving towards
susceptibility with time.
These results suggest that a uterine biopsy score can be useful in predicting PBIE.
The progression towards susceptibility appears to be gradual, since none of the mares
changed all the way from resistant to susceptible or from susceptible to resistant, and
rather, were classified as intermediate. Regardless, following a mare’s uterine health can
help to identify problem mares prior to the start of the breeding season.
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Recently, the focus of persistent endometritis has shifted to inflammatory gene
expression within the uterus. Previous studies have investigated inflammatory cytokine
expression in the endometrium 24 hours after breeding (Fumuso et al. 2003b, Fumuso et
al. 2006, Fumuso et al. 2007), however, studies investigating mechanical aspects of
delayed uterine clearance (Troedsson & Liu 1991, LeBlanc et al. 1994) suggest that
uterine function differs in susceptible and resistant mares earlier than that. The objective
of the experiment in Chapter 3 was to describe endometrial inflammatory cytokine
mRNA expression at selected time points within the first 24 hours after breeding. The
results from the study suggest that 6 hours after breeding is a critical time to set up the
mechanism for uterine response and clearance. When compared to resistant mares,
susceptible mares seemed to have a defect in the inflammatory modulating portion of the
immune response, while the pro-inflammatory cytokine mRNA expression was similar
for resistant and susceptible mares.
There

are

several

preventative

and

responsive

treatments

for

PBIE.

Immunomodulatory treatments are currently used in veterinary practice, but more studies
focusing on immunomodulation for PBIE are needed. The objective of the experiment in
Chapter 4 was to evaluate the impact of dexamethasone and mycobacterial cell wall
extract (MCWE) on endometrial cytokine mRNA expression in susceptible mares 6 hours
after breeding. Susceptible mares treated with dexamethasone and MCWE had a decrease
in the pro-inflammatory cytokine interleukin (IL)1 mRNA expression 6 hours after
breeding when compared to untreated controls. During the initiation of inflammation, IL1
is one of the primary pro-inflammatory cytokines involved with the response, and
decreasing expression may help to reduce uterine inflammation. The results suggest that
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susceptible mares have a decrease in the ability to mount an anti-inflammatory response
(to keep pro-inflammatory signals in check). Therefore, it is possible immunomodulatory
treatments can substitute for the lack in inflammation modulation in susceptible mares.
Nitric oxide (NO) is a potent cell-signaling molecule involved with inflammatory
response. Previous work in horses and other species has demonstrated that mares
susceptible to PBIE (Alghamdi et al. 2005b) and cows with post partum endometritis (Li
et al. 2010) have an increased accumulation of intrauterine NO. In addition, studies
investigating the effects of NO on myometrial relaxation have demonstrated that NO
reduces myometrial contractility in vitro (Liu et al. 1997). The objective of the first
experiment in Chapter 5 was to determine the intrauterine production of NO and the
activity of iNOS at the transcriptional and translational levels in resistant and susceptible
mares at different time points post breeding. Total intrauterine NO increased in
susceptible mares over time, while resistant mares did not exhibit a marked change in
intrauterine NO accumulation. This data supports the previous reports on NO in problem
mares and cows, but further studies are needed to investigate if NO is a major contributor
to the cause, or is solely an effect of PBIE. To investigate the impact of treatment on the
role of intrauterine NO, a second experiment in Chapter 5 investigated the effects of
treatment with dexamethasone and MCWE on intrauterine NO production and iNOS
mRNA expression 6 hours after breeding. The study confirmed the findings from the first
experiment in that susceptible mares had an increase in intrauterine NO production when
compared to resistant mares. In addition, treatment with MCWE decreased total
intrauterine NO production when compared to untreated control breedings in susceptible
mares.

94

These experiments yield a better understanding of the progression of PBIE within
the first hours after breeding, and how treatments with immunomodulation adjusts
inflammatory parameters. Using the findings from these studies, an updated proposed
mechanism of the inflammatory uterine response to breeding progression of the disease is
as follows (Figure 6.1):
Shortly after breeding, spermatozoa and bacteria are opsonized, with a
preferential opsonization towards dead and damaged spermatozoa (Alghamdi & Foster
2005a, Doty et al. 2011). The presence of spermatozoa and bacteria leads to cytokine
release and subsequent recruitment of polymorphonuclear neutrophils (PMNs). As the
PMNs migrate through the endometrium, prostaglandin (PGF)2α is released, causing
uterine contractions. Another factor that may contribute to uterine contractions shortly
after breeding is oxytocin release in response to breeding stimuli (Madill et al. 2000).
Inflammatory cytokine release rises by 2 hours after breeding, continuing the signals for
the influx of inflammatory cells. Uterine contractions continue to aid in the expulsions of
excess semen and debris, and fluid is also removed via lymphatic drainage (LeBlanc et
al. 1995). At around 6 hours after breeding, expression of inflammatory signals peaks. A
strong anti-inflammatory response keeps the pro-inflammatory response in check. At this
time, the majority of spermatozoa have made it to the oviduct (Brinsko et al. 1991). By
12 hours after breeding, inflammatory cytokine mRNA expression and uterine activity
(Troedsson et al. 1993b) are decreasing towards baseline levels. By 24 hours, much of
the inflammatory byproducts have been removed from the uterus, and the uterus is
primed to be fully recovered and returned to baseline state before day 5, at which point
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the conceptus arrives into the uterus (Oguri & Tsutsumi 1972, Betteridge et al. 1982,
Troedsson et al. 1995b, Troedsson 1999).
In the susceptible mare, pathogens may not be opsonized as efficiently as the
resistant mare (Watson et al. 1987, Troedsson et al. 1993c). As with the resistant mare,
inflammatory cytokine response increases at 2 hours, but uterine activity has a delay in
the onset of activity (Troedsson et al. 1993b, LeBlanc et al. 1994). Recruitment of PMNs
triggers the release of PGF2α, but uterine contractions between circular and longitudinal
myometrial layers may be less synchronized and therefore less effective in removing
fluid (LeBlanc et al. 1994). Lymphatic draining is reduced due to uterine scarring and
fibrosis. Six hours after breeding, inflammatory cytokine expression is at its peak,
however, anti-inflammatory cytokine response is diminished (compared to the normal
response), leaving the pro-inflammatory response unchecked. By 12 hours, the acute
inflammatory cytokine responders have decreased, however, inflammation still remains.
The buildup of the inflammatory byproduct NO contributes to the loss of myometrial
activity below baseline levels (Troedsson et al. 1993b). Blood flow is reduced due to
degenerative changes in the endometrium, so despite the increased amounts of NO,
inflammation is not cleared as easily. The residual inflammation and continued migration
of PMNs through the endometrium leads to additional degenerative changes, which
further complicate the mares’ ability to clear inflammation successfully. If left untreated,
the susceptible mare may not have the ability to clear inflammation by day 5, and the
conceptus will not survive in the inflamed uterine state.

96

Figure 6.1: Proposed sequences of events occurring after breeding in susceptible and
resistant mare including inflammatory gene expression and NO accumulation. Yellow
text refers to resistant mares, orange text to susceptible mares, and white text to both
resistant and susceptible mares.

Up to 2 Hours
Complement activation and opsoninzation Impaired opsoninzation
Inflammatory cytokine expression increases

Breeding

Inflammatory cells recruited; PGF2α released

Myometrial activity Delayed myometrial activity
PMNs attack bacteria and dead spermatozoa

12 Hours

6 Hours

Cytokine expression returns to baseline

Distinct peak in anti-inflammatory cytokines

Myoelectrical activity drops below baseline

Reduced anti-inflammatory cytokine response

Significant NO accumulation

Significant NO and fluid accumulation

24 Hours
Much of the fluid and inflammation is under control
Much of the fluid and inflammation remains in the

uterus
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Uterus free of inflammation by day 5
Uterine inflammation persists

The proposed mechanism of action for the treatment with dexamethasone and
MCWE are as follows:
Both dexamethasone and MCWE act as a substitute for the anti-inflammatory
response lacking in susceptible mares 6 hours after breeding. As a result, the proinflammatory response is kept in check (especially the pro-inflammatory cytokine IL1β),
allowing for the continued clearance of inflammation. Inflammation and NO buildup is
reduced, allowing for the continued myometrial functionality and mechanical clearance
of fluid. There is less residual inflammation, and therefore the progression of
degenerative changes in the endometrium is slowed. The mare is able to clear the
inflammation by day 5 and the chance of survival of the conceptus is increased.
Future directions of research into PBIE should focus on the pathogenesis of the
disease. When investigating the pathogenesis of PBIE, a mass analysis of gene expression
(such as a microarray or other sequencing technologies) in susceptible versus resistant
mares would give further insight into processes occurring in the endometrium during
inflammation. With answers to this question, further research could focus on areas of
differentially expressed genes. Investigation of these genes on a translational level could
reveal which genes are directly affecting inflammatory processes. After identifying
differential gene expression and function, studies could be performed investigating gene
regulation

and

regulatory

factors.

Additionally,

investigating

the

effects

of

immunomodulatory treatments on these regulatory factors would increase the knowledge
of the biological mechanism of action of these treatments.
In conclusion, the events occurring during the uterine inflammatory response to
breeding are complex and intertwined. With all factors combined, susceptibility to PBIE

98

seems to be a function of age, endometrial quality, and breeding history. Although
endometritis is not considered to be persistent until more than 48-72 hours after breeding,
it appears that the inflammatory changes differentiating resistant and susceptible mares
occurs within the first hours after breeding. Treatment with immune modulation therapy
has proven effective clinically, and the findings from these studies help to explain the
targeted inflammatory mechanisms of immunomodulation. Persistent endometritis
remains a threat to equine fertility, and continued research will yield valuable information
so that treatment strategies can be improved in time, dosage, and frequency.

Copyright © Elizabeth M. Woodward 2012
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